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HALOGENPIRIDINIJEVI KVATERNI KATIONI KAO DONORI HALOGENSKE VEZE

Luka Fotovi¢
Kemijski odsjek, Horvatovac 102a, 10000 Zagreb, Hrvatska

U ovome istrazivanju, uvodenjem razlicitih (alifatskih) supstituenata na piridinski duSikov atom
halogenpiridina (osobito meta izomera) pripravljeno je te strukturno, termicki i spektroskopski
okarakterizirano 49 novih soli protoniranih i N-alkiliranih halogenpiridina. Usporedbom
halogenskih veza u strukturama N-alkil-3-jodpiridinijevih jodida utvdeno da postoji trend da
Sto je duzi ugljikovodi¢ni lanac supstituiran na dusikov atom jodpiridinskog prstena to su krace
halogenske veze C—I---1". Ustanovljeno je da afinitet prema halogenskoj vezi opada s veli¢inom
halogenidnog aniona kao akceptora, odnosno slijedi isti trend kao i u slucaju vodikove veze.
Analizom raspodjele naboja na halogenpiridinijevim kationima utvrdeno je da i protoniranje i
N-metiliranje halogenpiridina dovode do znacajnog povecanja elektrostatskog potencijala o-
Supljine halogena $to uvelike povecava incidenciju ostvarivanja halogenskih veza u odnosu na
neutralne halogenpiridine. To ¢ini halogenpiridinijeve katione (jodpiridinijeve posebno)
prilicno pouzdanim donorima halogenskih veza, te na taj nacin opravdava njihovu upotrebu u
dizajnu i sintezi supramolekulskih struktura povezanih halogenskom vezom.

(70 + XXIII stranica, 33 slike, 5 shema, 3 tablice, 176 literaturnih navoda, jezik izvornika:
hrvatski)

Rad je pohranjen u Sredi$njoj kemijskoj knjiZznici, Horvatovac 102a, Zagreb i Nacionalnoj i
sveucili$noj knjiznici, Hrvatske bratske zajednice 4, Zagreb.

Klju¢ne rije¢i: halogenidni anioni/ halogenpiridinijevi kationi/ halogenska veza/ kristalno
inzenjerstvo/ soli/ vodikova veza

Mentor: izv. prof. dr. sc. Vladimir Stilinovi¢
Rad prihvacen: 2. veljace 2022.
Ocjenitelji:

1. prof. dr. sc. Biserka Prugovecki

2. dr. sc. Kresimir Mol¢anov, V. zn. sur.
3. izv. prof. dr. sc. Josip Pozar

Luka Fotovi¢ Doktorska disertacija






§ Abstract xiii

University of Zagreb Doctoral Thesis
Faculty of Science
Department of Chemistry

ABSTRACT

QUATERNARY HALOGENPYRIDINIUM CATIONS AS HALOGEN BOND DONORS

Luka Fotovi¢
Kemijski odsjek, Horvatovac 102a, 10000 Zagreb, Hrvatska

In this study, 49 novel salts of halogenopyridinium cations were prepared and characterized by
single crystal X-ray diffraction, and by thermal and spectroscopic analysis methods. In the
crystal structures of N-alkyl-3-iodopyridinium iodides it is observed trend that longer chains as
N-substituents generally leading to shorter C—I---1" halogen bonds. Based on the trend observed
in the relative shortenings of distances of the two interactions, both halogen and hydrogen bonds
seem to be decreasing in strength with the size of the halogenide anion. Inspection of the
distribution of the charge on the cations revealed that both protonation and N-methylation of
halogenopyridines lead to a considerable increase in the electrostatic potential of the halogen
o-hole which increase incidence of the halogen bond in the structures comprising
halogenopyridinium cations (as compared to neutral halogenopyridines). This makes
halopyridiniom cations (iodopyridinium in particularly) fairly reliable halogen bond donors for
deliberate synthesis of halogen bonded supramolecular structures.
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§ 1. Uvod 1

§1. UVOD

Pocetkom 19. stolje¢a pripravljen je molekulski kompleks elementarnog joda i amonijaka koji
je prvi sintetizirani kemijski spoj u kojem postoji privla¢na interakcija izmedu atoma halogena
(joda) i Lewisove baze (atoma dusika).! Kemijski sastav tog kompleksa predloZio je F. Guthrie
pedesetak godina kasnije.? Prvi nepobitan dokaz postojanja kompleksa u kojima atomi halogena
intereagiraju s Lewisovim bazama doSao je s razvojem metoda rendgenske difrakcije §to je
omogucilo da pedesetih godina 20. stolje¢a O. Hassel 1 suradnici strukturno okarakteriziraju
supramolekulske komplekse molekula koje sadrze donorne atome joda i broma (molekule
elementarnog joda i broma, jodov Klorid, jodoform, itd.) i molekula koje sadrze akceptorske
atome dusika, kisika i sumpora.®! Daljnjim razvojem kristalografije i supramolekulske kemije
Cvrstog stanja, pokazano je da su kompleksi prijenosa naboja zapravo medu najranijim
primjerima povezivanja molekula halogenskom vezom kako u otopini tako i u ¢vrstom stanju.
Unato¢ tome S$to intenzivna istrazivanja halogenske veze zapoclinju tek krajem proslog
stoljec¢a,'?*® halogenska veza nametnula se kao vrlo upotrebljiv alat za izradu supramolekulskih
struktura te sintezu novih materijala ¢ime je u podrucju kristalnog inzenjerstva novih materijala
zauzela svoje zasluzeno mjesto odmah do vodikove veze.!%?°

Halogenska veza privla¢na je interakcija koja se ostvaruje izmedu donora halogenske veze,
tj. elektrofilnog dijela atoma halogena i akceptora halogenske veze, odnosno nukleofilnog
predjela druge (ili iste) molekule (atomi dusika, kisika, sumpora, delokalozirani w-sustavi,
itd.).17?122 Halogenske veze su uglavnom linearne (kutevi vrlo malo odstupaju od 180°) i
usmjerenije u usporedbi s vodikovim vezama. Usmjerenost je posljedica lokaliziranosti
pozitivnog elektrostatskog potencijala (V) na kovalentno vezanom atomu halogena u relativno
uskom podruéju koje se naziva 6-Supljina.>* %’ Jakost interakcije poveéava se s polarizabilno$éu
atoma donora halogenske veze i raste u nizu | > Br > CI.%? Energije halogenskih veza kreéu
se u rasponu od 10 do 150 kJ mol!,283 3 rastu s porastom elektrostatskog potencijala -Supljine
donornog halogenog atoma (Vmax(X), X = ClI, Br, |, Slika 1). Stoga su najbolji donori halogenske
veze oni kod kojih je donorni halogeni atom vezan na molekulu koja ima elektron-izvlaceci
ucinak na taj atom halogena §to za posljedicu ima smanjenje elektronske gustoce u podrucju c-
Supljine (odnosno povecanje Vmax(X)) donornog halogenog atoma i posljedi¢no tome

potencijala za ostvarivanje halogenske veze s Lewisovim bazama. 2831-33
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§ 1. Uvod 2

Tijekom posljednjih desetlje¢a najvise se istrazuju halogenske veze s neutralnim donorima.
Do danas su najvise istrazeni donori halogenske veze molekule elementarnih halogena®* te
neutralne halogenirane organske molekule od kojih su najzastupljeniji perfluorirani brom- i
jodugljikovodici u kojima elektronegativni atomi fluora vezani na ugljikovodi¢nu okosnicu
sluze kao elektron-izvlade¢i fragmenti.*®18:35-42 Osim atoma fluora, u istu svrhu koriste se cijano
i nitro funkcijske skupine.**-*" Halogenalkini se takoder koriste kao donori halogenske veze u
kojima se pozitivna vrijednost Vmax(X) ostvaruje elektron-izvla¢e¢im uc¢inkom trostruke veze
ugljik—ugljik.*®-%! Medu najjace donore halogenske veze ubrajaju se N-halogenimidi kod kojih

je halogeni atom direktno vezan na elektonegativni atom dusika.>?5°

Vv, (X) V. (X)

max max

I |

min(X) = ‘
( 9 ‘P) “,,J\

9 "‘,0‘

9

_>V

min

(X)

3-IPy 3-1PyH*
Slika 1. Elektrostatski potencijal (V) mapiran na 0.002 e A= izoplohu elektornske gustoée za
molekulu 3-jodpiridina (3-1Py) i 3-jodpiridinijev kation (3lpyH") s oznagenim mjestima na

halogenu gdje je V maksimalan (Vmax(X)) i minimalan (Vmin(X)).

Do sada opisanim donorima halogenske veze zajednicko je da su neutralne molekule kod kojih
se pozitivna vrijednost Vmax(X) ostvaruje elekronegativnim supstituentima ili funkcijskim
skupinama s elektron-izvlace¢im u¢inkom. Drugi pristup dizajnu donora halogenske veze je
vezati halogeni atom na pozitivno nabijenu kemijsku vrstu — kation. Za katione se o¢ekuje da
budu dobri donori halogenske veze upravo zbog njihovog ukupnog pozitivnog naboja, a samim
time i izrazito pozitivne vrijednosti Vimax(X).

Hipoteza ovog istrazivanja bila je da ¢e prevodenjem halogenpiridina u halogenpiridinijeve
kvaterne katione (protoniranjem ili alkiliranjem dusSikovog atoma) ukupan generirani pozitivni
naboj pridonijeti povecanju pozitivnog naboja u podrucju c—Supljine halogenog atoma, Sto ¢e
uciniti priredene katione dobrim donorima halogenske veze. Stoga je glavni cilj bio istraziti
(eksperimentalno 1 komputacijski) kakva ¢e biti raspodjela ukupnog naboja na
halogenpiridinijevim kationima te njezin utjecaj na ostvarivanje halogenskih veza i kompeticiju

s ostalim nekovalentim interakcijama.
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§ 1. Uvod 3

Kako bi se to istrazilo, pripravljena je serija halogenidnih soli protoniranih i N-alkiliranih
halogenpiridina. Halogenidni anioni izabrani su kao akceptori s obzirom da su zbog svog
sfericnog oblika vrlo fleksibilne Lewisove baze koje mogu sudjelovati u raznim
supramolekulskim interakcijama sa Sirokim spektrom Lewisovih kiselina zbog cega se
kontinuirano proucavaju kao akceptori vodikove veze. Medutim, iako je ve¢ samo nekoliko
godina nakon sinteze spomenutog kompleksa joda i amonijaka uoc¢eno da elementarni halogeni

reagiraju s halogenidnim anionima pri ¢emu nastaju polihalogenidni anioni,®

intenzivnija
istrazivanja halogenidnih aniona kao akceptora halogenske veze krenula su tek u zadnje
vrijeme. Osim s jednostavnim halogenidnim ionima priredene su soli halogenpiridinijevih
kationa s ve¢im anionima kao Sto su heksacijanoferati 1 polioksometalati Sto ¢e dati uvid u
mogucnost §ire primjene halogenpiridinijevih kationa kao donora halogenske veze u kristalnom
inzenjerstvu. Dobivene soli okarakterizirane su difrakcijom rendgenskog zraCenja na
jediniénom kristalu, difrakcijom rendgenskog zracenja na polikristalnom uzorku, razlikovnom
pretraznom kalorimetrijom (DSC) i termogravimetrijom (TG). Takoder su provedeni kvanto-
kemijski izracuni molekulskih elektrostatskih potencijala priredenih kationa kako bi se ispitao
utjecaj pozitivnog naboja na kationu na promjenu vrijednosti Vmax(X).

Ova disertacija temelji se na 4 znanstvena rada koji ¢ine jedinstvenu cjelinu. U radu | utvrdeno
je da se u jodpiridinijevim halogenidima relativne duljine halogenskih veza povecavaju s
velicinom halogenidnog aniona kao akceptora, ali da se preferira ostvarivanje halogenskih veza
s ve¢im halogenidima kao akceptorima sto ukazuje na to da je jodidni anion najpouzdaniji
gradevni blok (od svih halogenidnih aniona) za sintezu struktura povezanih halogenskom
vezom. Na temelju rezultata i zakljuCaka objavljenih u radu I, istrazivanje je nastavljeno tako
da je naglasak stavljen upravo na jodidne soli. Stoga su u radovima 11 i 111 sitetizirane jodidne
soli N-alkiliranih halogenpiridina te je provedena analiza raspodjele naboja na
halogenpiridinijevim kationima, odnosno utjecaj naravi halogena, duljine N-supstituiranog
alkilnog lanca i naboja kationa na ostvarivanje halogenskih veza s jodidnim anionima. Studija
N-protoniranih halogenpiridinijevih kationa, objavljena radu I, nastavljena je radu IV gdje je
opisan primjer njihove primjene u kristalnom inZenjerstu metaloorganskih sustava. Stoga ovi
radovi €¢ine cjelinu koja doprinosi boljem razumijevanju halogenpiridinijevih kationa kao
donora halogenske veze te ¢ini dobar temelj za daljnja istrazivanja i njithovu primjenu u

kristalnom inzenjerstvu.
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Halogenide anions as halogen and hydrogen bond
acceptors in iodopyridinium halogenides

Luka Fotovi¢ @ and Vladimir Stilinovi¢ @ *

In order to study halogenide anions simultaneously acting as hydrogen bond and halogen bond acceptors,
we have prepared and crystallised halogenide salts (chlorides, bromides and iodides) of the three isomers
of iodopyridine, 2-iodopyridine (2-1Py), 3-iodopyridine (3-IPy) and 4-iodopyridine (4-IPy). In all nine
structures the pyridinium cations and the halogenide anions are interconnected through C-I---X™ halogen
and N-H---X" hydrogen bonds (X = Cl, Br, I). Based on the trend observed in the relative shortening of the
two interactions, both halogen and hydrogen bonds seem to be decreasing in strength with the size of the
halogenide anion, although the decrease is apparently more pronounced for hydrogen bonds. To study this
further, we have performed a CSD study of structures comprising a halogenide and both hydrogen and
halogen bond donors, which has indicated a tendency of chloride towards hydrogen and of iodide towards
halogen bonds, in accord with our experimental results. Additionally, we have obtained crystals of ((2-
IPyH), Cl 1), the first example of a double salt comprising both hydrogen and halogen bond donors and
two different halogenides. In this structure, the halogen bonds were formed exclusively with the iodide

rsc.li/crystengcomm

Introduction

Halogenide anions have a specific place in supramolecular
chemistry and crystal engineering." Being the only group of
spherical anions available in aqueous solutions (as well as in
most common organic solvents), they represent the
archetypes of flexible Lewis bases, capable of participating in
a variable number of supramolecular interactions with
various Lewis acids in a wide array of configurations.?
Classically, halogenides have been extensively studied as
hydrogen bond acceptors, from the point of view of anion
receptors,” sensors,’ supramolecular assembly,” etc. More
recently, in light of the widespread research of halogen bonds
as an alternative to hydrogen bonds in crystal engineering
and supramolecular chemistry in general,’ halogenide anions
have been attracting ever more attention as halogen bond
acceptors as well.” Comparing the hydrogen and halogen
bonding proclivities of the halogenide anions, it becomes
apparent that, unlike in the case of hydrogen bonds which
clearly become weaker with the diminishing basicity of the
anion (ie. F > CI" > Br > I'), halogen bonded structures

Department of Chemistry, Faculty of Science, University of Zagreb, Horvatovac
102a, HR-10002 Zagreb, Croatia. E-mail: vstilinovic@chem.pmf.hr

+ Electronic supplementary information (ESI) available: Synthetic details and
single crystal Xray diffraction data. CCDC 1995437-1995447 contain
crystallographic data for this paper. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/d0ce00534g

This journal is © The Royal Society of Chemistry 2020

anion, while the hydrogen bonds were formed only with the chloride anion.

comprising iodide are often quite easily obtainable, while
those with fluoride are extremely scarce.® This might indicate
that the affinity of halogenides for halogen bonding changes
in the opposite direction (I" > Br~ > CI” > F'), a proposition
justifiable from the point of view of the HSAB principle® - the
c-hole'® of the halogen atom (unlike hydrogen) is a soft Lewis
acid, and therefore will preferentially bind to the softest Lewis
base, i.e. iodide."*

However, solution measurements as well as computations
have demonstrated that the halogen bond energies also
diminish with the radius of the halogenide (i.e. F* > Cl" > Br~
> I'). For example, Wei Jun Jin and co-workers have reported
on halogen bonding with halogenide anions in ternary
cocrystals of perfluorinated diiodoalkanes and
tetrabuthylammonium halogenides, both in solution and the
solid state. They found that halogen bond strength decreases
with halogenide size."” Later, they confirmed the same trend in
ternary cocrystals of tetrabuthylammonium tetraiodoethene
halogenides, both by experiments and calculations.*?

The possible reason for this apparent discrepancy is the
relative strength of the two interactions and their competition.
One of the approaches toward this question is through the
study of simultaneous hydrogen and halogen bonding with the
same halogenide anion. This was already addressed in several
studies. Jones and co-workers thus reported on the
simultaneous hydrogen and halogen bonds in the structures of
4-halopyridinium halogenides (4-chloropyridinium chloride,
4-bromopyridinium bromide and 4-iodopyridinium iodide). In
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these structures hydrogen bonds became relatively longer,
while halogen bonds became relatively shorter with increasing
size of halogenides."* Solution measurement on the association
constants of halogenides to isostructural halogen or hydrogen
bond receptors published by Berryman et al. revealed that the
halogen bond receptor preferred larger halogenides, while the
hydrogen bond receptor preferred smaller halogenides."
Similarly, in their study of N,N-bis(4-iodobenzyl)-4,4-
bipyridinium halogenide hydrates, Garcia and co-workers
found that halogen bonds were relatively shorter with bromide,
while hydrogen bonds are shorter with the chloride anion.*

Recently, a combined crystallographic/solid-state NMR
study was published by Bryce et al, who have made a
systematic study of hydrogen and halogen bonds in 2- and
3-iodoethynylpyridinium halogenides where the
iodoethynylpyridinium cations act simultaneously as (N-
H:--X") hydrogen bond donors and (C-I---X") halogen bond
donors. Using a pair of simple, conformationally rigid,
pyridine derivatives as cations has enabled them to prepare
(partially) isostructural series of compounds, making them
ideal for the study of subtle interrelationships between the
two supramolecular interactions in the solid state.'”

Inspired by this, we have decided to perform a systematic
study of interrelationship of halogen and hydrogen bonds
with halogenide anions as acceptors using a series of even
simpler - iodopyridinium - cations. As all three
iodopyridines (2-, 3- and 4-IPy, Scheme 1) are readily
obtainable, this has enabled us to prepare three (partially
isostructural) series of halogenides and to observe systematic
changes in the crystal structures due to the change of the
halogenide anion.

Results and discussion

Through crystallisation of the three iodopyridines with
hydrochloric, hydrobromic and hydroiodic acids, we have
obtained all nine simple (1:1) salts (as well as a double salt
and a hydrate). As expected, the general geometry of the
structures of the simple salts formed through hydrogen and
halogen bonds was found to depend primarily on the
pyridine derivative used, i.e. the angle between the halogen
bond donor (C-I) and the hydrogen bond donor (N-H)
groups of the corresponding protonated cation.

In the case of 2-IPy, all three halogenides comprise chains
of alternating cations and anions connected by, again,
alternating C-I---X" halogen and N-H---X~ hydrogen bonds
(Fig. 1). The bromide and the ijodide are isostructural,

A N !
X
Y
N7 N NT P
N
2-Ipy 3-Ipy 4-1Py

Scheme 1 lodopyridines used in this study.
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Fig. 1 a) Halogen and hydrogen bonded chains in 2-IPyHCL; b)
halogen and hydrogen bonded chains in 2-IPyHBr; c) halogen and
hydrogen bonded chains in 2-IPyHI; d) layers formed by linking of
chains through a combination of C-H:-:I and C-H:--Cl" hydrogen
bonds in the structure of 2-IPyHCI. Only the shortest C-H---Cl” bonds
are shown.

crystallising in the space group Pca2;. The direction of the
chains coincides with the polar axis of the space group (c),
with all the cations oriented in the same direction. In spite of
the almost identical basic motif of the interconnection of
cations in the chain, the chloride crystallises in the
centrosymmetric space group P2,/c, with alternating
directionality of the neighbouring chains. The change in the
overall structure can be attributed to the formation of a pair
of C-H:--CI” hydrogen bonds (with 2-IPy hydrogen atoms in
positions 5 and 6 of ca. 3.03 A and 2.67 A, respectively). These
interconnect the chains into 2D networks (Fig. 1d) and make
the pyridine rings of the interconnected chains almost
coplanar, allowing for an additional, almost linear C-H--'I
contact involving the negative portion of the iodine atom
orthogonal to the halogen bond (Fig. 1d) Analogous C-H---X"
contacts do exist in the bromide and the iodide; however
here they are considerably longer than the corresponding
sums of van der Waals radii (3.21 A and 3.23 A in 2-IPyHBr
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and 3.35 A and 3.35 A in 2-IPyHI), and are complemented
with a second pair of C-H---X™ contacts involving the 2-IPy
hydrogen atoms in the positions 3 and 4 (3.21 A and 3.34 A
in 2-IPyHBr and 3.28 A and 3.44 A in 2-IPyHI). The resulting
packing of the chains is markedly different than that in the
chloride with a network of (weak) C-H---X contacts
interconnecting the chains in a 3D structure.

In the structures of all 2-IPy halogenides the C-I---X~
halogen bonds are ca. 17% shorter than the sum of van der
Waals radii and almost linear with C-1---X" angles of ca. 175°.
Among hydrogen bonds however there is a slight decrease in
the relative shortening of hydrogen bonds with the anion size;
relative shortening for N-H---X™ hydrogen bonds range from
ca. 11% for chloride to ca. 8% for iodide. As expected, the
hydrogen bonds are less linear than the halogen bonds with
the «(N-H:--X") angle of ca. 173° in 2-IPyHCl, while in the
structures of bromide and iodide it is approximately 165°. The
two bonds formed by the halogenide anions (C-I---X™ halogen
bonds and N-H---X hydrogen bonds) in all three structures are
almost perpendicular, with the I---X"---H angles in the range
from 93° to 95°, increasing from chloride to iodide.

When 3-IPy was used, it also yielded isostructural bromide
and iodide, although comprising not chains but rather
centrosymmetric cyclical (3-IPyHX), tetramers (Fig. 2). In both
structures, the C-I---X™ halogen bonds are ca. 15.5% shorter
than the sum of van der Waals radii and almost linear, £(C-
I---X") angles of ca. 175°, while the relative shortening of the
N-H---X" hydrogen bonds in both structures is less than in
the case of 2-IPy analogues (ca. 6%), and the N-H---X" angles
are significantly lower (ca. 145°). This is a fine illustration of
the difference between the geometrical flexibility of the
hydrogen bonds, as opposed to much more rigidly linear
halogen bonds. In the 2-IPy halogenides the two bonds
formed by the halogenide anions are approximately
perpendicular with the I---X"--*H angle being 101° in 3-
IPyHBr and 97° in 3-IPyHI.

b) c)
9 ...... ’ ......
: N N
H ¢ H : é .H
| H | :
------ oeBr ....--‘r

¢ ¢

Fig. 2 a) Halogen and hydrogen bonded chains in 3-IPyHCl; halogen
and hydrogen bonded tetramers in b) 3-IPyHBr and c) 3-IPyHI.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

Interestingly, 3-IPyHCI could not be obtained using the
same simple method of adding hydrochloric acid to a
solution of 3-IPy - this approach was found to yield a
hemihydrate, in spite of the relatively small amount of water
present in the system. In order to produce anhydrous 3-
IPyHCI, special care had to be taken to avoid introducing
water into the system: 3-IPy was dissolved in dry
dichloromethane, and dried hydrogen chloride gas was
passed through the solution. Thus, we have managed to
prepare anhydrous 3-IPyHCI as a microcrystalline precipitate.
Fortunately, several obtained crystals were of sufficient size
for X-ray diffraction measurements. The structure of 3-IPyHCl
was found to be markedly different than those of the
bromide and the iodide. The geometries of the hydrogen and
the halogen bonds formed with the chloride anion are quite
similar to those with the bromide and the iodide in 3-IPyHBr
and 3-IPyHI, although the C-I--*CI” halogen bond is
somewhat less linear (172°), and the N-H---Cl” hydrogen
bond is somewhat more linear (ca. 165°), with the angle
between the two contacts being 106°. The resulting structure
however does not comprise centrosymmetric tetramers, but
rather helical chains - it is probable that a (3-IPyHCI),
tetrameric structure analogous to those with larger
halogenides in the case of chloride would be too strained,
which results in opening of the rings into chains.

The above mentioned 3-IPyHCl hemihydrate ((3-IPyHCI),
-H,0), the only product obtained from 3-IPy and HCI if
particular care was not taken to eliminate water, presented
an entirely different arrangement of halogen and hydrogen
bonding. Unlike the simple salts, there are two distinct
chloride anions independent of symmetry, of which one
binds two 3-IPyH" cations through a pair of C-1---Cl” halogen
bonds and the other through a pair of N-H---CI" hydrogen
bonds, resulting in cyclic (3-IPyHCl), octamers (Fig. 3). The
water molecules (two per (3-IPyHCl), unit) bridge between

M oy

a)

Fig. 3 Halogen and hydrogen bonded octamers in a) (3-IPyHCl),-H,O
and b) (3-IPyHCl)4-EtOH.
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neighbouring octamers as hydrogen bond donors binding to
chloride anions. Each chloride anion thus participates in
three strong interactions - either three hydrogen bonds (two
N-H---Cl” bonds with cations and one O-H:---Cl" bond with a
water molecule) or two C-I'--Cl” halogen bonds and an O-
H---Cl" hydrogen bond. The relative configurations of these
interactions are such that the hydrogen bonds tend to be
(approximately) orthogonal to other interactions (both
halogen and hydrogen bonds), while the two C-I---Cl”
halogen bonds are almost collinear (ClI---I---Cl” angle of
168°). This is in accordance with the fact that the hydrogen
bond, being the stronger interaction, causes greater
deformation of the electron density on the chloride anion,
leading to depletion of electron density in the continuation
of the hydrogen bond, which directs subsequent interactions.
It is interesting to note that very similar assembly has also
been found in the ethanol solvate ((3-IPyHCl),-EtOH),"® albeit
here only one (halogen bonded) chloride is an acceptor of the
only O-H:---Cl" hydrogen bond.

The structures of the three halogenides derived from 4-IPy
again consist of chains with alternating cations and anions
connected by hydrogen and halogen bonds (Fig. 4). Unlike the
halogenides of 2-IPy and 3-IPy, here the bromide is
isostructural with the chloride. Furthermore, in both structures
the arrangement of the halogen and hydrogen bonds is much
closer to linear - the I---X"---H angle of ca. 160° - than to
perpendicular as in all of the earlier cases. On the other hand,
the C-1---X™ halogen bonds deviate more from linearity than in
other structures: ca. 167° in 4-IPyHCI and ca. 170° in 4-IPyHBr.
This is not the case in the structure of 4-IPyHI - here the
halogen bond is more linear (176°) and the angle between the
bonds is significantly lower (126°). The change in the
hydrogen/halogen bonded chains also reflects a change in the
crystal packing. While in all three structures the halogenide
anion along with the strong halogen and hydrogen bonds
participates in two additional C-H---X  contacts with cations
from neighbouring chains, and in 4-IPyHCI and 4-IPyHBr, this

a)
| cI- H
...‘...%‘....... ...... G—‘
: '

b)

Br H
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c)
I I
-.Illl‘.... H
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Fig. 4 Halogen and hydrogen bonded chains in a) 4-IPyHCL; b) 4-
IPyHBr; c) 4-IPyHI.
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interconnection of chains leads to layers, whereas in 4-IPyHI
this gives rise to a honeycomb-like 3D structure.

In addition to the deliberately synthesized iodopyridinium
halogenides, a rather interesting and unexpected side
product was also obtained. When the solution of 2-IPy and
hydrochloric acid was left to stand under ambient conditions
for a prolonged period of time, a small amount of a double
salt - 2-iodopyridinium chloride iodide ((2-IPyH), Cl I) - was
obtained, the iodide presumably having formed as a product
of the decomposition of 2-IPy over time. To the best of our
knowledge, this is the first example of a double salt
comprising both hydrogen and halogen bond donors and
two different halogenide anions. In this most interesting
structure, the C-I---X" halogen bonds are formed exclusively
with the iodide anion, while the N-H---X" hydrogen bonds
were formed only with the chloride anion (Fig. 5). Through
these halogen and hydrogen bonds the 2-iodopyridinium
cations and alternating chloride and iodide anions are
connected into centrosymmetric [(2-IPyH),Cl,I,] octamers
(Fig. 5). Besides the two N-H:--Cl" hydrogen bonds, each
chloride anion is an acceptor of one additional C-H---Cl”
contact, while the iodide along with a pair of two C-I--'T"
halogen bonds participates in two C-H---I" contacts. These
additional C-H---I' and C-H---Cl” contacts connect the [(2-
IPyH),CL,L,] units into layers.

When hydrogen and halogen bonds in all nine structures
are compared, it can be noticed that the hydrogen bonds are
in all nine cases more shortened (relative to the sum of the
donor and acceptor van der Waals radii), with this shortening
decreasing from chlorides (mean value of 71.9(1.2)%) over
bromides (76(4)%) to iodides (80(3)%). The mean values for
halogen bonds with the three halogenides on the other hand
do not differ within even one standard deviation - 84.5(1.9)%
for chloride, 84.7(1.4)% for bromide and 84.7(8) for iodide.
In spite of this, there does seem to be a general trend for the
structures exhibiting shorter hydrogen bonds to also have
shorter halogen bonds (Fig. 6).

This trend is followed by six structures, while three
structures - 3-IPyHCI, 4-IPyHCIl, and 4-IPyHBr - have some of
the shortest hydrogen bonds, but longest halogen bonds. It is
interesting to note that all three structures belong to space
groups with non-translational symmetry elements (P2/c in the
first case and P2,/m in the latter two). Also, in all three
structures the halogen bond angles are unusually low (ca
171.8°, 166.8° and 170.8°, respectively). This would seem to

Fig. 5 Halogen and hydrogen bonded octamers in the double salt ((2-
IPyH), CL I).
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Fig. 6 The relative lengths of the halogen bonds (XB) and the hydrogen
bonds (HB) in iodopyridinium halogenides (expressed as a percentage of
the sum of the corresponding donor and acceptor van der Waals radii).
Circles denote 2-IPy, triangles 3-IPy and rhombi 4-IPy, while green
symbols denote chlorides, brown bromides and purple iodides.

indicate that in these structures there are specific packing
effects which allow for the higher symmetry of the packing,
at the expense of bending the halogen bond and thus
weakening it. Furthermore, the relationship between the
halogen and the hydrogen bond relative lengths in the series
of 2-IPy halogenides is almost perfectly linear
(Fig. 6, bottom left) both relative bond lengths increasing
with the size of the halogenide (note that unlike the 3-IPy
and 4-IPy series, the 2-IPy halogenides all have almost
identical motifs of halogen and hydrogen bonded chains; see
Fig. 1). It therefore does seem that the halogen bond also
follows the same general trend as the hydrogen bond: both
diminish with the size of the halogenide anion acceptor.
However, the hydrogen bond is more affected by the size of
the halogenide acceptor than the halogen bond (in the 2-IPy
series the hydrogen bond relative length increases by ca. 5%
from chloride to iodide, while the halogen bond increases by
only ca. 1%). On the other hand, the halogen bond (being
relatively weak in the studied series of compounds) is more
affected by crystal packing sufficiently that the effect of
changing the halogenide acceptor may be entirely concealed.

It is interesting to compare this result with the conclusions
with a recent study of competition between halogen and
hydrogen bonds in various solvents."® This has shown that
halogen bonded products are more favourable in solvents of
higher polarity because the hydrogen bond is more affected
by the solvent, due to stronger solvation of the hydrogen bond
donors, as compared to halogen bond donors. The effect of
the smaller halogen (with larger charge density) is equivalent.
A smaller halogenide (e.g. Cl) will form both stronger
halogen and hydrogen bonds than a larger one (e.g I);
however, while the difference in hydrogen bond strengths will
be considerable, the difference in halogen bond strengths will
be small, or even negligible.

The difference in the sensitivity of the halogen bonds and
the hydrogen bonds to the change of the halogenide is to be
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expected that in the case of possible competition between
hydrogen and halogen donors and/or various halogenides as
acceptors, the lighter halogenides (chloride, and in
particularly fluoride) will preferentially form hydrogen bonds,
and heavier halogenides (bromide, and in particularly iodide)
will form halogen bonds. This expectation was indeed borne
out by the structure of the (2-IPyH), CI I double salt with the
chloride forming exclusively hydrogen bonds and iodide
forming halogen bonds. We have therefore set out to test its
validity on a wider base, and have thus performed a CSD
survey of structures which comprise a halogenide anion
(chloride, bromide or iodide) and both (at least one) strong
hydrogen bond donor (O-H or N-H group) and a covalently
bound iodine (specifically C-1 or N-I) as a halogen bond
donor. Our search has yielded a total of 68 structures
satisfying the above conditions which contained chloride, 43
with bromide and 69 with iodide. A search was also made for
structures containing fluoride but, as only three datasets
were recovered, it was excluded from further analysis.

The first noticeable difference is in the fraction of
structures in which one of the competing interactions is
absent - while the halogen bond was found to be absent in
ca. 20% of the cases for each halogenide (23% for chloride,
20% for bromide and 22% for iodide), the hydrogen bond
was absent in only 17% of chlorides, 27% of bromides and as
much as 58% of iodides. This trend is in agreement with the
proposition of the halogen bond being less dependent on the
halogenide than the hydrogen bond.

When the occurrence of structures with various numbers
of halogen and hydrogen bonds are plotted for all three
halogenides (Fig. 7), it can be seen that the general
distribution of numbers of bonds for chloride and bromide
is rather similar, with iodide showing a somewhat different
distribution. In all three cases there is a large occurrence of
structures where the halogenide is an acceptor of one
halogen and one hydrogen bond.

The instances of multiple halogen and hydrogen bonds,
however, again follow the above mentioned trend: there is
little change in the frequency of occurrence of multiple (two
or more) halogen bonds (29% for chloride, 33% for
bromide, and only a slightly significant increase for iodide
- 50%), while the frequency of multiple hydrogen bonds
dramatically decreases from chloride (55%) over bromide
(43%) to iodide (12%).

As can be seen from Fig. 7, all three halogenides
preferentially form a small number of strong hydrogen and/or
halogen bonds, with the total number of interactions rarely
exceeding 4. As this would indicate very low coordination
numbers, the halogenides must also participate in other
interactions, primarily (weak) C-H---X  hydrogen bonds.
Therefore, a more detailed study of the interrelationship of the
C-I---X" halogen bond and the ubiquitous C-H---X" hydrogen
bonds was also performed.

When the C-H---X™ hydrogen bonds are also taken into
account, the total coordination number (sum of halogen,
strong hydrogen and weak hydrogen bonds) tends to be 6,
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Fig. 7 The occurrence (in %) of combinations of numbers of hydrogen bonds (HB) and halogen bonds (XB) with a halogenide anion in structures
where both hydrogen bond (O-H or N-H group) and halogen bond (C-I) donors are present.

with high frequencies of occurrence of coordination numbers
5-8 (with a surprisingly high occurrence of the 8-coordinate
chloride, Fig. 8). The chloride anion mostly forms up to two
halogen bonds, with the remainder of the contacts being
strong and weak hydrogen bonds. There are also structures
where the chloride anion acts as an acceptor of 3 or 4 halogen
bonds. Except for two exceptions, in these structures strong
N-H---CI" and O-H---ClI” hydrogen bonds are absent. The
bromide anion, as well as chloride, mostly forms up to two
halogen bonds. In the structures in which the bromide anion
is an acceptor of more than two C-I---Br~ halogen bonds, only
C-H---Br hydrogen bonds are formed. The iodide anion
mostly forms one C-I---I" halogen bond with simultaneous
hydrogen bonds. There are also a significant number of
structures in which the iodide anion is an acceptor of two or
three C-I---I" halogen bonds, and a few examples of structures
in which four, five or even six C-I---I' halogen bonds with
simultaneous C-H--'I" hydrogen bonds are formed.

Experimental
Synthesis

Iodopyridines (2-, 3- and 4-IPy) and solvents were purchased
from Sigma-Aldrich Company and used as received.
Iodopyridinium halogenides were obtained by dissolving the

B Chloride ®Bromide M lodide
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Total coordination number
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S

Fig. 8 Frequency of total coordination numbers (as acceptors of
halogen, strong hydrogen and weak hydrogen bonds) of halogenide
anions in crystal structures.
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corresponding iodopyridine in hot ethanol, methanol (or a
mixture thereof). To this solution, a stoichiometric amount of
the corresponding concentrated (aqueous) acid (HCl, HBr and
HI) was added, whereupon solutions were left to cool and
evaporate. For synthesis of 3-IPyHCI, dry hydrogen chloride was
passed through a dry dichloromethane solution of 3-IPy;
solution was left to evaporate. Crystals suitable for single crystal
X-ray diffraction experiment appeared in two to ten days.

X-Ray diffraction measurements

All single crystal X-ray diffraction experiments were
performed using an Oxford Diffraction Xcalibur Kappa CCD
X-ray diffractometer with graphite-monochromated MoKo (4
= 0.71073 A) radiation, except for the 3IPyHCI crystal which
was measured on an Oxford Diffraction Xcalibur Nova R
(CCD detector, microfocus tube) with CuKo (4 = 1.54184 A)
radiation.”® The data sets were collected using the w-scan
mode over the 26-range up to 54°. The structures were solved
by SHELXT or by direct methods using the SHELXS and
refined using SHELXL programs.>! The structural refinement
was performed on F> using all data. The hydrogen atoms
were placed in calculated positions and treated as riding on
their parent atoms [C-H = 0.93 A and Ui,,(H) = 1.2U¢(C); C-H
= 0.97 A and Ui(H) = 1.2U(C)] All calculations were
performed using the WinGX crystallographic suite of
programs.”> A summary of data pertinent to X-ray
crystallographic experiments is provided in Table S2 (see the
ESIT). Further details are available from the Cambridge
Crystallographic Centre. Molecular structures of compounds
are presented using ORTEP-3 (ref. 23) and their packing
diagrams were prepared using Mercury.**

Database survey

The CSD data survey has been performed with the ver. 5.41
update 2 (November 2019) CSD database using ConQuest
version 2.0.5. When searching hydrogen- or halogen-bonded
contacts, the contact angle was constrained to the range
between 120° and 180°. For hydrogen and halogen bonded
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contacts, the upper limit for the distance between the donor
atom (hydrogen or iodine) and acceptor ions (Cl', Br, I') was
defined as the sum of their van der Waals radii + 0.4 A.
Halogenide ions were defined as halogens with no covalently
bonded atoms. As ‘strong’ hydrogen bonds, only the O-H:-- X"
and N-H---X contacts have been taken into consideration.

Conclusions

Our results are in agreement with the expectations based on
solution and computational studies and indicate that the
affinity towards halogen bonds decreases with the size of the
halogenide acceptor as does the affinity towards hydrogen
bonds. On the other hand, the effect appears to be much
more pronounced for hydrogen bonds than for halogen
bonds, with the relative bond lengths of the latter increasing
by only ca. 1% from chloride to iodide - the difference is so
minor that other packing effects will have much greater
effects. This difference between the halogen and hydrogen
bonding with halogenides in the solid state is in agreement
with the previously described effect of the solvent on the
formation of hydrogen and halogen bonds. A smaller
halogenide (i.e. one with larger charge density) will form both
stronger halogen and hydrogen bonds than a larger one;
however, while the difference in hydrogen bond strengths will
be considerable, the difference in halogen bond strengths will
be small, or even negligible. As a result, halogen bonds will
occur more likely in the case of the larger halogenide, even
though the halogen bond itself is weaker, as clearly seen from
the results of our CSD study and vividly demonstrated by the
structure of the (2-IPyH), Cl I double salt.

From the synthetic point of view, lighter halogenides are
better solvated in protic solvents (due to stronger hydrogen
bonds) and are less likely to yield halogen bonded products
(explaining the predominance of halogen bonded cocrystals
with iodides over bromides and chlorides and the general
absence of halogen bonded cocrystals with fluorides) as well
as solvates (e.g. (3-IPyHCI),-H,O and (3-IPyHCI),-EtOH). The
latter can be avoided using non-protic solvents (in our case
CH,Cl, for 3-IPyHCI).

In conclusion, iodide, in spite of it being the weakest
halogen bond acceptor among the (non-radioactive)
halogenides and due to it being an even weaker hydrogen
bond donor, is the most reliable halogenide building block
for halogen bonded structures.
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ABSTRACT: We have performed a database survey and a structural and computational study of the
potential and the limitations of halogenopyridinium cations as halogen bond donors. The database
survey demonstrated that adding a positive charge on a halogenopyridine ring increases the probability
that the halogen atom will participate in a halogen bond, although for chloropyridines it remains below
60%. Crystal structures of both protonated and N-methylated monohalogenated pyridinium cations
revealed that the iodo- and bromopyridinium cations always form halogen-bonding contacts with the
iodide anions shorter than the sum of the vdW radii, while chloropyridinium cations mostly participate
in longer contacts or fail to form halogen bonds. Although a DFT study of the electrostatic potential has
shown that both protonation and N-methylation of halogenopyridines leads to a considerable increase

in the ESP of the halogen o-hole, it is generally not the most positive site on the cation, allowing for

alternate binding sites.

B INTRODUCTION

The crucial feature that enables halogen atoms to act as Lewis
acids in order to form halogen bonds' ™ is the presence of an
area of depleted electron density (o-hole)”® in the
continuation of the covalent bond. The energy of a halogen
bond formed between donors with a given acceptor increases
with the electrostatic potential of the o-hole on the donor
halogen atom. Therefore, the best halogen-bond donors are
those that comprise polarizable halogen atoms (iodine and
bromine) bonded to a molecule that can exhibit an electron-
withdrawing effect on the halogen atom—thus increasing the
electrostatic potential of the o-hole on the halogen atom and
consequently the potential of the halogen atom to form a
halogen bond with a Lewis base.””"*

To date, most commonly used halogen bond donors have
been perfluorinated iodo- or/and bromohydrocarbons,13_22
where the electronegative fluorine substituents on the
hydrocarbon skeleton act as electron-withdrawing fragments.
Other electron-withdrawing substituents, such as cyano and
nitro groups, can also be employed.””~*’ Halogenoethyne
derivatives were also successfully used as halogen bond donors,
as there the large positive potential of the o-hole is ensured by
the electron-withdrawing properties of the C—C triple
bond. 873! Alternatively, halogen atoms can be directly
bonded to a (more electronegative) heteroatom, such as
nitrogen in (N-halogeno)imides—a strategy that has yielded
some of the strongest organic halogen bond donors studied to
date.”*™*” Another approach is using hypervalent halogens
such as in iodine(I) and iodine(III) compounds. This can lead
to much higher positive charges on the halogen atoms, making
them very strong halogen bond donors.***'

The aforementioned principles have mainly been employed
for the design of neutral halogen bond donors. There is,
however, another approach for ensuring a large positive

© 2021 The Authors. Published by
American Chemical Society
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electrostatic potential on a halogen atom: making the halogen
atom a part of a positively charged species. The most widely
studied group of compounds has been based on halogenated
aromatic (primary) amines,” ™ as well as halogenated N-
heterocycles (such as halogenopyridines and halogenoimida-
zoles) and their derivatives.**~"” These compounds are a
logical starting point for the synthesis of cationic halogen-bond
donors: on the one hand, their structural rigidity allows for
simple control of the geometry of the formed bonds, and on
the other hand, they can easily be transformed into cations,
either by protonation or by alkylation of the nitrogen atom.

Over the last 20 years both protonated and methylated
halogenopyridines have been extensively studied as halogen-
bond donors. They have been found to form halogen bonds
with organic (such as saccharinate,*® bromanilate*”) and
inorganic anions (such as halogenides,"* >’ halogenometa-
lates,>*™%* cyanomet“.ala.tes,és_67 etc.) Molecules containing
iodopyridinium groups have also been designed to act as anion
receptors(’g_72 and even as halogen-bond donors in catalysts of
halogenide abstraction.””

N-Alkylated halogenopyridinium cations have also found
their place as counterions in Ni(dmit), (dmit = 1,3-dithiol-2-
thione-4,5-dithiolate) salts, which have been synthesized and
investigated as supramolecular conductors—because of the
possibility of participating in multiple hydrogen and halogen
bonds, cations of this type were used to control the

conductivity and magnetic properties of these materials.”*~"’
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Table 1. Overview of Halogen Bonding in Iodides of Protonated and Methylated Halogenopyridinium Cations (X- Ray Data

Measured at Room Temperature)

protonated halogenopyridinium iodide d(XB)/A RS“/%
[2-CIPyH]L 3.768 —-0.1
[2-BrPyH]L 3.575 59
[2-IPyH]I 3.467 124
[3-CIPyH]I 3.739 -0.2
[3-BrPyH]L 3.589 6.3
[3-IPyH]L 3.516 112
[4-CIPyH]L 3.733 —-0.1
[4-BrPyH]I 3.648 4.8
[4-1PyH]I 3.532 10.8

N-methylated halogenopyridinium iodide d(XB)/A RS/%
[2-CIPyMe]1” 3.496 6.3

3.509 5.9

3.511 5.9

[2-IPyMe]I 3.459 127
[3-CIPyMe]l 3.774 -1.2
[3-BrPyMe]l 3.637 5.0

[3-IPyMe]l 3.538 10.7
[4-CIPyMe]l 3.587 3.8

[4-TPyMe]I 3.552 103

“RS(XB) = 100[1 — (d(X--17)/(r(X) + r(I"))],where r(X) and r(I") are the van der Waals radii of the corresponding atoms. *Measured at 170 K.

Similarly to neutral halogen-bond donors, cationic halogen-
bond donors decrease in strength from iodo to chloro
derivatives.’>*>’%”7 Indeed, while iodopyridinium cations
form halogen bonds rather predictably, chloropyridinium
cations often fail to form halogen bonds, even though
accessible acceptors are present in the crystal structure. Willett
and co-workers have shown that in the structures of
halogenopiridinium tetrahalocuprate(Il) salts the C—Br---X~
halogen bonds are relatively shorter than the analogous C—
Cl---X~ halogen bonds, which sometimes are even not
present.”> Likewise, our previous work on halogenopyridinium
hexacyanoferrates has shown that in structures containing a
chloropyridinium cation a halogen bond with chlorine as the
donor was not present, despite the presence of multiple
potential acceptor sites.”’

In this paper we have endeavored to investigate more closely
both the potential and the limitations of halogenopyridinium
cations as halogen-bond donors. For this purpose, we have
selected monohalogenated pyridine derivatives (ortho, meta,
and para; chloro, bromo, and iodo), as both protonated and N-
methylated pyridinium cations. For the study of their halogen-
bonding potential in the solid state, we have opted for the
iodide salts—the iodide anion has been shown to be the most
reliable halogen bond acceptor among halogenides.”® The
structures of (protonated) halogenopyridinium iodides have
been previously reported®>! and were included in the analysis
as such, while the N-methylated halogenopyridinium iodides
were synthesized and structurally characterized. Along with the
comparative study of halogen bond geometries in the crystals
of the two series of crystalline solids, we have performed DFT
calculations in order to better understand the fundamental
reasons for the observed behavior of halogenopyridinium
cations.

B RESULTS AND DISCUSSION

To ascertain whether there is a statistical trend toward an
increase in the halogen-bond probability with addition of a
positive charge on a halogenopyrldlne ring, we have performed
a Cambridge Structural Database®® (version 5.42 Update 3
(May 2021) CSD database using ConQuest Version 2020.3.0)
survey of structures that comprise a halogen substituent on an
aromatic nitrogen heterocycle. This has yielded a total of 3112
data sets, the majority of which corresponded to neutral
molecules, and 655 to cations derived from them. Of these,
524 were structures containing N-protonated cations and only
131 structures with N-alkylated cations. For neutral halogen-
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oheterocycles it has been found that in ca. 33% of the
structures the halogen atom is in close contact (less than the
sum of van der Waals radii) with a potential halogen-bond
acceptor (either a nitrogen or oxygen atom or a halogenide
anion), indicating the presence of a halogen bond. Halogen-
bonding contacts were expectedly found to be the least
frequent in chloroheterocycles (27%) followed by bromohe-
terocycles (39%) and finally iodoheterocycles, where they were
found with the greatest frequency (70%). Adding a positive
charge (either by protonation or by alkylation of the
heterocyclic nitrogen atom) led to a definite increase in the
frequencies of halogen bonding, which increased to 56% for
cations derived from chloroheterocycles, 82% for bromobro-
mobheterocycles, and 89% for iodoheterocycles. In order to
obtain a more detailed picture, we have also performed a series
of searches limited to monohalogenopyridines. This has also
shown a clear and drastic increase of incidence of halogen
bonding upon addition of a positive charge to the pyridine
ring—from ca. 7% to ca. 51% for chloropyridines, from ca. 8%
to ca. 87% for bromopyridines, and from ca. 40% to ca. 90% for
iodopyridines. The increase appears to be somewhat larger for
o-halogenopyridines (from ca. 8% to ca. 79%) than for m-
halogenopyridines (from ca. 4% to ca. 70%), as one might
expect on the basis of both the proximity of the halogen to the
protonated/alkylated nitrogen atom and the resonance effect.
The influence of the resonance should also be significant when
the halogen is in the para position. Unfortunately, this could
not be confirmed on the basis of the CSD data—while the
incidence of halogen bonds in cations derived from p-
halogenopyridines is close to that in o-halogenopyridinium
cations (81%), the number of structures with neutral p-
halogenopyridines (only four structures with p-iodopyridine)
in the CSD was too low to allow for a reasonable estimate of
the incidence of halogen bonds.

Overall, the CSD data indicate that halogen atoms on a
neutral pyridine ring are quite poor halogen-bond donors
(except for iodine), but when the pyridine ring is charged, the
incidence of the halogen atom acting as a halogen-bond donor
dramatically increases. However, this increase does not
necessarily make the halogen atoms on charged pyridine
rings optimal halogen bond donors—while iodine atoms on
either protonated or N-alkylated pyridinium cations act as
halogen bond donors in ca. 90% of the cases, chlorine does so
in only ca. 40—50% of the structures. For comparison, neutral
molecules used as “classical” halogen bond donors generally
form halogen bonds with reliability similar to that of

https://doi.org/10.1021/acs.cgd.1c00805
Cryst. Growth Des. 2021, 21, 6889—6901
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Figure 1. (a) Halogen- and hydrogen-bonded chains in o-iodopyridinium iodide. (b) Halogen- and hydrogen-bonded tetramers in m-
iodopyridinium iodide. (c) Halogen- and hydrogen-bonded chains in p-iodopyridinium iodide.”’ Halogen bond lengths are given in Table 1.

1

Figure 2. Halogen bonds and short C—H-+I" contacts in crystal structures of N-methyl-2-halogenopyridinium iodides: (a) the 3D network in [2-
CIPyMe]l (view along the c axis); (b) the 2D network in [2-IPyMe]I (view along the a axis). Halogen bond lengths are given in Table 1.

https://doi.org/10.1021/acs.cgd.1c00805
Cryst. Growth Des. 2021, 21, 6889—6901
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iodopyridinium cations: fluorinated iodobenzenes form a
halogen bond with a potential halogen-bond acceptor (a
nitrogen or oxygen atom or a halogenide anion) in 85% (447
out of 524) of the structures where such acceptors are present,
fluorinated bromobenzenes in 87% (45 out of 52) of
structures, iodoalkynes in 85% (289 out of 339), bromoalkynes
in 69% (34 out of 49), and in virtually all structures of N-
halogenoimides (37 out of 38 N-bromoimides and 32 out of
32 N-iodoimides).

As the CSD search provided us with the average behavior of
halogenopyridines and corresponding cations with a varied
collection of (potential) halogen bond acceptors, we decided
to take a closer look at the halogen bonding of protonated and
N-methylated pyridinium cations with the iodide anion. The
iodide was a logical choice, as it is on the one hand a
halogenide, a simple spherical anion without steric or other
issues that might complicate the overall picture of the
supramolecular interactions in the crystal, and also as it was
found to form halogen bonds most reliably among the
halogenides.”” The crystal structures of chloropyridinium and
bromopyridinium iodides have been investigated by Awwadi,
Willett and co-workers,”" while iodopyridinium iodides were
reported recently by our group.”® All of the crystal structures
featured in both studies have been determined at room
temperature, allowing for meaningful comparisons among the
halogen bond geometries. The bond lengths and angles are
given in Table 1.

In the structures of all three o-halogenopyridinium ([2-
XPyH]) iodides, halogenopyridinium cations and iodide
anions are interconnected in chains trough N—H:--I" hydrogen
and C—X--I" halogen bonds (Figure 1a). In [2-CIPyH]I the
C—X:-I" halogen bonds are longer than in the bromo and
iodo analogues and longer than the sum of van der Waals radii
(Table 1). The crystal structures of m-halogenopyridinium
([2-XPyH]) iodides comprise centrosymmetric cyclical (3-
XPyH),l, tetramers in which 3-XPyH" cations and iodide
anions are interconnected trough N—H---I" hydrogen and C—
X:+I” halogen bonds (Figure 1b). The relative shortening of
the C—X:-I" halogen bonds decreases from ca. 11.2% in the 3-
IPy derivative over ca. 6.3% in the 3-BrPy derivative to ca.
0.2% in the 3-CIPy derivative, again with the C—Cl---I" contact
being longer than the sum of the van der Waals radii. Also, the
halogen bonds in [3-IPyH]I and [3-BrPyH]I are almost linear
(C=X--I" angles above 176°), while in [3-CIPyH]I the
analogous C—Cl--I" angle is ca. 165°. In the case of p-
halogenopyridinium (4-XPy) iodides, chains are again formed
by alternating hydrogen and halogen bonds between
alternating 4-XPyH" cations and iodide anions (Figure 1c).
The C—X:-I" halogen bonds in the iodide salts of the para
isomers are somewhat longer than in the ortho and meta
isomers but also follow the same trend in decreasing from ca.
10.8% in [4-IPyH]I to ca. 4.8% in [4-BrPyH]L. The C—Cl---I~
contact in [4-CIPyH]I is again longer than the sum of the van
der Waals radii by ca. 0.1%. The halogen bond angle is
approximately linear only in [4-IPyH]I, whereas in both [4-
CIPyH]I and [4-BrPyH]I the angles considerably deviate from
linearity (C—X---I” angles of ca. 164°).

In order to observe the halogen-bonding behavior of
positively charged halogenopyridines in the absence of a
strong N—H:--I" hydrogen bond, we decided to synthesize and
crystallize an equivalent series of N-methylated halogenopyr-
idinium iodides. Although we were unfortunately unable to
produce two members of the series (derived from 2-BrPy and
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4-BrPy; see the Experimental Section for details), the crystal
structures of the seven compounds we have obtained were
sufficient to accentuate significant differences in the observed
trends in protonated halogenopyridinium iodides.

Among the salts of N-methylated halogenopyridines there is
considerably less structural similarity within the o-, m-, and p-
substituted groups. This is to be expected, as in the absence of
the directing influence of the hydrogen bond that can combine
with the halogen bond, the only interaction of significance is
the halogen bond, and the crystal structure will be
predominantly determined by assembly of (halogen-bonded)
ion pairs by weak interactions.

The most dissimilar are the structures of the o-substituted
[2-CIPyMe]l and [2-IPyMe]l. The structure of [2-IPyMe]l
consists of the expected assembly of halogen-bonded ion pairs
of o-iodopyridinium cations and iodide anions trough C—I---I"
halogen bonds, which further interconnect via C—H--I"
hydrogen bonds into helical chains (Figure 2a). Conversely,
the structure of [2-CIPyMe]l is a complex 3D network
assembled through C—Cl---I” and C—H---I" contacts with four
o-chloropyridinium cations and four iodide anions in the
asymmetric unit (Figure 2a). These do not form clear halogen-
bonded ion pairs as was the case in [2-IPyMe]Il—only two
iodide anions and three cations form halogen bonds (two
cations bind to the same iodide), while the remaining cation
and anions participate only in C—H:-I" hydrogen bonds. Of
the four cations, one is disordered over a crystallographic
inversion center; the disordered cations form C—Cl---I"
halogen bonds along the crystallographic b axis and C—H--
I" hydrogen bonds along the crystallographic ¢ axis with
independent iodide anions (both somewhat disordered over
inversion centers), thus forming disordered layers perpendic-
ular to the crystallographic a axis.

In the structures of iodides derived from meta-substituted
pyridines ([3-IPyMe]l, [3-BrPyMe], and [3-CIPyMe]l) the
halogenopyridinium cations and iodide anions are connected
into chains via C—X--I" halogen and C—H:I" hydrogen
bonds. [3-BrPyMe]l and [3-IPyMe]l are quite similar in
structural arrangement, although they are not isostructural, as
they differ in the space group symmetry. In both structures, the
hydrogen- and halogen-bonded chains are interconnected into
planar layers trough additional C—H:-I" hydrogen-bonding
contacts (Figure 3b,c). The C—I--- I~ and C—Br--I" halogen
bonds are shorter than the corresponding sum of van der
Waals radii by ca. 11% and 5%, respectively. In [3-CIPyMe]l
the chains of ion pairs are also interconnected into layers
through C—H--I~ hydrogen bonds (Figure 3a); however, the
layers formed here are not planar but corrugated. Although it is
longer (ca. 1%) than the sum of the corresponding van der
Waals radii, the C—CI---X™ contact can still have a significant
effect on the structural arrangement,®’ as appears to be the
case in the structure of [3-CIPyMe]L

In the case of the structures derived from para-substituted
pyridines, [4-IPyMe]l and [4-CIPyMe]], the cations and the
anions are connected via C—X--I" halogen and C—H:-I"
hydrogen bonds into centrosymmetric cyclical ([4-XPyMe]l),
tetramers (Figure 4). In both structures the C—I---X~ contacts
are shorter than the sum of van der Waals radii and are quite
linear (ca. 10% and 4% with a £(C—I-+I") angle of ca. 172°
and a £(C—Cl-~I7) angle of ca. 170°, respectively). The C—
H--I" hydrogen bond is achieved in both cases through
equivalent hydrogen atoms (ortho relative to the methylated
nitrogen), but the geometry of the C—H---I" hydrogen-bonded

https://doi.org/10.1021/acs.cgd.1c00805
Cryst. Growth Des. 2021, 21, 6889—6901
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Figure 3. Halogen- and hydrogen (C—H--I")-bonded 2D networks
in crystal structures of N-methyl-3-halogenopyridinium iodides: (a)
[3-CIPyMe]l (view along the a axis); (b) [3-BrPyMe]I (view along
the ¢ axis); (c) [3-IPyMe]l (view along the a axis). Halogen bond
lengths are given in Table 1.

tetramers is quite different. In the case of [4-IPyMe]l the
hydrogen bond is almost linear (£(C—H--I") angle of ca.
178°) and the two pyridinium rings within the tetramer are
almost perfectly coplanar (the mean planes of the cations are
offset by a mere 0.12 A). Conversely, in [4-CIPyMe]l the
£(C—H-I") angle is significantly lower (ca. 152°) and the
mean planes of the pyridinium cations are offset by ca. 2.18 A.

The lengths of halogen bonds formed by the N-methylated
iodopyridinium cations are in most structures comparable to
those formed by their respective protonated analogues, the
differences between the relative shortenings of any two
analogues generally being less than 0.5% (Table 1). However,
there is a considerable difference between protonated and
methylated chloropyridinium iodides, the C—Cl---I” contact in
[4-CIPyMe]l being 3.8% shorter and in [4-CIPyH]I 0.1%
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longer than the sum of the van der Waals radii. This implies
that the presence of a strong N—H--I" hydrogen bond has a
greater effect on the elongation of the (weaker) C—Cl-+I~
halogen bond, while its effect on the (stronger) C—I--I~
halogen bond is negligible. The comparison of halogen bond
lengths in [2-CIPyMe]l and [2-CIPyH]I would also seem to
support this conclusion on first glance. However, as the two
data sets have not been measured at the same temperature ([2-
CIPyMe]I could not be measured at room temperature due to
the instability of the crystals), the even shorter C—Cl---I~
contacts (5.9—6.3% shorter than the sum of the van der Waals
radii) in [2-CIPyMe]l are at least partially due to the lower
temperature (170 K) at which the crystal was measured and
therefore cannot be compared to the rest of the halogen bonds
in this study, which were all measured at room temperature.

On comparison of halogen bonds between the “classical”
(neutral) halogen bond donors and the iodide anion as an
acceptor, it can be seen that there is only a slight difference in
halogen bond length between halogen bonds formed with
iodopyridinium cations and neutral perfluorinated iodoben-
zenes as halogen bond donors. The former form halogen
bonds which are on average 11.4% shorter than the sum of the
van der Waals radii, while the latter form halogen bonds which
are on average 9.9% shorter than the sum of the van der Waals
radii (based on 19 crystal structures of cocrystals of iodides
with neutral perflorinated iodobenzenes measured at room
temperature deposited in the CSD). On comparison to an even
stronger neutral halogen bond donor such as N-iodosuccini-
mide, the iodopyridinium cations are clearly poorer halogen-
bond donors, as in the only crystal structure reported to date of
a cocrystal of N-iodosuccinimide and an iodide®” the halogen
bond is ca. 21% shorter than the corresponding sum of the van
der Waals radii. Comparing the lengths of halogen bonds with
N and O acceptors where the donors are cations derived from
halogenoheterocycles with those formed by different types of
neutral donors (Table 2) shows that with nitrogen acceptors
all three groups of cationic halogen-bond donors tend to form
longer bonds in comparison to some of the most commonly
used neutral donors (fluorinated halogenobenzenes, halogen-
oalkynes, and halogenoimides). Only in the case of halogen
bonds with oxygen acceptors do the lengths of halogen bonds
formed by bromo- and iodo-heterocyclic cations approach the
mean values for halogen bonds formed by their fluorinated
halogenobenzene counterparts.

As was mentioned earlier, the C—I---I” halogen bonds in
both protonated and N-methylated iodopyridinium iodides
display the largest relative shortening (RS) in comparison to
the corresponding van der Waals radii (generally double that
for C—Br--I” halogen bonds). In comparison to the hydrogen
bonds present in all three structures with protonated cations,
C—I---I” halogen bonds have somewhat smaller RS values than
the hydrogen bonds (19.3% for N—H--I" in [2-IPyH]I, 11.5%
in [3-IPyH]I, and 14.5% in [4-IPyH]I), except in [3-IPyH]],
where they are practically equivalent. As expected, aromatic
hydrogen atoms in [3-IPyMe]l and [4-IPyMe]l are again
involved in C—H--I" hydrogen-bonding contacts shorter than
the sum of the van der Waals radii (with 3-IPy hydrogen atoms
in the ortho and para positions to the nitrogen atom by 1% and
3%, respectively, and with 4-IPy hydrogen atoms in both ortho
positions by 3% and 1%). In the methylated series additional
hydrogen bonds have been formed between methyl hydrogen
atoms and the iodide (with 3-IPy methyl hydrogen atoms by
5% and with 4-IPy methyl hydrogen and aromatic hydrogen

https://doi.org/10.1021/acs.cgd.1c00805
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Figure 4. Halogen- and hydrogen (C—H---I")-bonded tetramers of N-methyl-4-halogenopyridinium iodides interconnected by (a) 7-stacking in [4-
CIPyMe]I and (b) anion—7 contacts in [4-IPyMe]l. Halogen bond lengths are given in Table 1.

Table 2. Relative Shortenings (Mean Values in Percent
Based on the CSD Data for Structures Measured at Room
Temperature) for Halogen Bonds with N and O Acceptors

halogen bond acceptor

halogen bond donor N (@]
chloro-heterocyclic cation 12 S.S
bromo-heterocyclic cation 6.5 6.2
iodo-heterocyclic cation 7.3 10.9
fluorinated iodobenzenes 15.3 13.3
fluorinated bromobenzenes 12.0 5.8
iodoalkynes 23.0 16.5
bromoalkynes 16.5 9.6
N-bromoimides 314 19.2
N-iodoimides 29.9 26.3

atom in a para position longer than sum of the van der Waals
radii by 1%). Interestingly, in [4-IPyMe]I the iodide anion also
participates in a short contact with an aryl carbon atom of a [4-
IPyMe]* cation. The carbon atom is in the ortho position
relative to the methylated nitrogen, and the iodide approaches
it orthogonally to the plane of the ring. This anion--z contact
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(with a corresponding RS value of ca. 1%)**** can therefore be

classified as a tetrel z-hole interaction between the iodide and a
positive region on the carbon atom perpendicular to the ring
plane. Similar anion-7w contacts have also been found in
crystal structures of several N-alkyl-3-halogenopyridinium
halogenides.*

It can be seen that, although in all of the studied structures
the C—X--I" halogen bonding contacts are present, only
among the N-methyl-3-bromopyridinium and N-methyl-
iodopyridinium iodides is this halogen bond clearly the
dominant interaction in the crystal structures. The cations
interact with the iodides not only through the halogen atom
(and the N—H group in the protonated pyridine series) but
also through fairly short C—H---I" hydrogen-bonding contacts
and even C--I" m-hole tetrel bonding contacts. Indeed, in
chloropyridinium iodides these “weak” interactions seem to be
dominant. The reasons for this phenomenon can be made clear
by a detailed study of the electrostatic potential of the potential
donor and acceptor sites on both protonated and N-
methylated pyridinum cations.

As expected, both protonation and N-methylation of
halogenopyridines lead to an increase in the ESP of the

https://doi.org/10.1021/acs.cgd.1c00805
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lines denote where the corresponding values equal zero.

halogen atom o-hole (V,,,(X)). This is most pronounced in o-
halogenopyridines where the V. (X) value increases by ca.
400—420 kJ mol™! ™!, while in m- and p-halogenopyridines it
increases by ca. 320—350 kJ mol™' e”. Protonation leads to
somewhat larger increase of V,,.(X) (10—20 k] mol™' e™!) on
the halogen atom in comparison to N-methylation, as can be
expected since in the protonated pyridinium cation there are
fewer atoms on which the positive charge is distributed.
Along with the increase in the V,(X) value, adding a
positive charge on the halogenopyridine ring also leads to a
change in the polarization of the halogen atom. A convenient
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measure for the polarization of the halogen atom is the
difference between the V,,(X) value and the ESP of the
halogen atom perpendicular to it (V,;,(X)) (see Tables S4—S9
in the Supporting Information). The V. (X) — V,u(X)
difference (AV(X)) was generally found to not be considerably
affected by the position of the halogen atom and was found in
neutral halogenopyridines to be on the average 80 + 2 kJ
mol™ e~ for chlorine, 122 + 2 kJ mol™" e, for bromine and
151 + 3 kJ mol™" ¢! for iodine. In the cations, both V., (X)
and V,;,(X) are considerably more positive. The AV(X) value
is again barely affected by the position of the halogen atom as

https://doi.org/10.1021/acs.cgd.1c00805
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well as whether the cation is protonated or N-methylated and
depends primarily on the halogen atom. If one is to compare
the AV(X) in neutral halogenopyridines to those in the
cations, one can see that in the case of all three chloropyridines
the AV(X) value in the cations is reduced on average to 59 + 4
k] mol™ e and for bromopyridines it remains almost
unchanged (122 + 7 k] mol™" ™), while for iodopyridines the
AV(X) value in the cations increases to 164 + 6 k] mol™ e~
It therefore follows that the polarization of chlorine is reduced
by the presence of the positive charge of the pyridine ring and
the polarization of bromine is not affected, while the iodine
becomes more polarized when pyridine is protonated or
methylated (note that in all cases the V;;;(X) value changes
sign—it is negative in all neutral halogenopyridines and
positive in the corresponding cations).

One would expect that the dramatic increase in the V, . (X)
value should also lead to an equally dramatic increase in the
potential of the halogenopyridinium cations as halogen-bond
donors. However, as evidenced by CSD data, although there is
a definite increase in the incidence of a halogen bond in
structures comprising halogenopyridinium cations (in compar-
ison to neutral halogenopyridines), it does not appear as
dramatic, particularly in the case of chloropyridinium cations.
This discrepancy seems particularly surprising if one takes into
account that, even in the case of choropyridinium cations, the
Vima(X) value on the halogen atom is considerably larger
(390—435 k] mol ™' e™") than that on neutral donors (e.g., 175
k] mol™ e in 1,4-diodotetrafluorobenzene), which form
halogen bonds with potential donors present in the crystal
structures much more reliably in comparison to cations derived
from chloroheterocycles (see above).

As a probable reason for this, we propose the distribution of
the positive charge throughout the halogenopyridinium cation.
Adding a proton or a methyl group on the pyridine nitrogen
does not affect just the halogen atom—the positive charge is
distributed on the entire molecule. To test how this would
affect the halogen-bonding proclivity of the halogenopyridi-
nium cation, we set out to see how the V. (X) value compares
to the ESP of the remainder of the molecule in the case of the
neutral halogenopyridines as well as halogenopyridinium
cations (Figure S).

If one is to compare the V. (X) value with the ESP on the
other non-hydrogen atoms on the neutral halogenopyridine
molecules (i.e., their corresponding z-holes, perpendicular to
the plane of the ring), one can see that a 6-hole on the halogen
is in all cases the most positive feature. This dramatically
changes upon adding a positive charge on a pyridine ring. The
added charge is distributed over the entire pyridine ring,
leading to an increase in the ESP of all atoms of the molecule
(most prominently that of the nitrogen atom and the
neighboring carbon atoms). As a result, the o-hole of the
halogen atom does not necessarily correspond to the most
positive region on the cation. Indeed, only in the case of
iodopyridines and o-bromopyridine does the V. (X) value
remain larger than the mean ESP of the nitrogen and carbon
atoms of the pyridine ring. However, even in these structures
the ESP on the m-holes of the nitrogen and carbon atoms
remains significant and in the structure of [4-IPyMe]I leads to
the appearance of a short iodide--carbon contact correspond-
ing to an anion---7 interaction; with the ESP carbon atom 7-
hole the V,,,(C) value of 436 kJ mol™' e™' is only slightly
lower than that of the iodine atom o-hole (456 kJ mol™ e™?).
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The most ubiquitous contacts in all of the crystal structures
have been the C—H---I" hydrogen bonds. If one is to compare
the V,(X) value with the ESP of hydrogen atoms of the
pyridine ring (V,.(H)), in neutral halogenopyridines, the
mean V,,(H) value is more positive than the o-hole of the
halogen in all cases except for m- and p-iodopyridines. In the
cations the V,,,(H) values of all the hydrogen atoms increase
dramatically so that almost all hydrogen atoms of the aromatic
ring in the m- and p-iodopyridinium cations become more
positive than the V, (X) value of the iodine. However, in both
o-iodopyridinium cations the V, . (X) value is sufficiently
increased so that it becomes more positive than the aromatic
hydrogen atoms, with the exception of the hydrogen atom in
the position ortho to the pyridinium nitrogen. Of course, in the
case of all protonated halogenopyridinium cations the
hydrogen located on the nitrogen atom is by far the most
positive feature of the molecule (the V. (H) value being in
the range ca. 665—690 k] mol™ e”!, exceeding the V,..(X)
value by ca. 150—310 kJ mol™' ¢!, depending on the cation).
It is therefore evident that, in the case of protonated
halogenopyridinium cations, the hydrogen bond formed by
the N—H group will always be the dominant interaction, while
in the N-methylated cations a competition between the C—H
hydrogen-bond donors and C—X halogen-bond donors can
always be expected, even in the case of iodopyridinium cations.

In order to correlate the V., (X) values with halogen-
bonding energies, we have computed the binding energies of a
pyridine molecule (a neutral halogen bond acceptor) to N-
methylated halogenopyridines (Figure 6). The bond energies
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Figure 6. Correlation of V., (X) values of N-methylated halogen-
opyridines with energies of halogen bonds between a (neutral)
pyridine molecule and N-methylated halogenopyridines.

obtained were quite considerable: ca. 34—40 kJ mol™ for
chloropyridinium, 43—51 kJ mol™" for bromopyridinium, and
57—68 kJ mol™ for iodopyridinium cations. Although the
absolute values of the obtained energies may be somewhat
untrustworthy, they do seem to indicate that the binding
energies follow the same general trend as do the V,(X)
values within each series of isomers—the meta and para
isomers form bonds with energies very similar to one another,
and the ortho isomer forms a bond which is ca. 6—10 kJ mol™*
stronger. Indeed, the bond energies for chloropyridines and
bromopyridines are very closely linearly dependent on the
V,oax(X) values for the free cations (R* = 0.96), while the bond
energies for iodopyridinium cations are somewhat higher:
although V,,.(Br) on the 2-BrPyMe" cation is ca. 40 kJ mol ™
e™! larger than V(1) on 3-IPyMe* and 4-IPyMe" cations,

https://doi.org/10.1021/acs.cgd.1c00805
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the energy of the Br--*N halogen bond it forms with a pyridine
molecule is ca. 6—7 kJ mol™" less than those of the I--N
halogen bonds formed by 3-IPyMe* and 4-IPyMe*. This
implies that the Cl---N and the Br--N halogen bonds formed
by the halogenopyridinium cations are primarily electrostatic,
while the I---N halogen bonds have a more significant charge-
transfer component.

The rather high bond energies for all of the studied cases
show that all halogenopyridinium cations form rather strong
halogen bonds. This would seem to be in contradiction with
the fact that chloropyridinium cations participate only rarely in
halogen bonding. However, as the positive charge is distributed
over the entire molecule, leading to numerous local maxima of
the ESP, the halogen bond formed through the chloropyr-
idinium chlorine o-hole is not necessarily the most favorable
interaction between the cation and the pyridine molecule. On
the other hand, the fact that chloropyridinium cations do
participate in halogen-bonding contacts in almost 50% of the
crystal structures clearly shows that the behavior of chlorine as
a donor atom cannot be accounted for solely by the ESP of the
o-hole—a significant role must also be played by other
contributions such as the size of the halogen atom (making the
approach of the Lewis base easier) and possibly dispersion.*

M CONCLUSION

Although both protonation and N-methylation of halogen-
opyridines lead to a considerable increase in the ESP of the
halogen o-hole, a closer inspection of the distribution of the
charge on the resulting cations clearly demonstrates that the
halogen o-hole is generally not the most positive site on the
surface of the cation. This is most pronounced in the case of
chloropyridinium cations, where the electrostatic potential
maxima on almost all hydrogen and carbon atoms of the cation
are more positive than the chlorine o-hole. Such a charge
distribution leads to the observed relatively low percentage of
occurrence of halogen bonds with chloropyridinium chlorine
donors in the CSD and the long C—Cl--I” contacts
encountered in the structures of chloropyridinium iodides.
Even among iodopyridinium cations, only in those derived
from 2-IPy (with the iodine atom on the first neighbor of the
“charged” nitrogen) is the iodine o-hole ESP more positive
than that of the majority of hydrogen atoms. Consequently,
they form the shortest C—I---I" halogen bonds both among
protonated and methylated halogenopyridinium iodides. In
spite of this, cations derived from not only all iodopyridines
but also those derived from bromopyridines form halogen
bonds with remarkable consistency—they have formed
halogen-bonding contacts shorter than the sum of the van
der Waals radii in all of the iodide salts and have been found to
act as halogen bond donors in a formidable 90% of structures
deposited in the CSD which comprise an iodo- or
bromopyridinium cation and an appropriate acceptor. It is
therefore probable that the lower ESP on the halogen o-hole is
compensated by the size of the halogen atom: enabling on the
one hand a closer approach of a Lewis base (with less steric
hindrance to the halogen o-hole as opposed to the hydrogen
atoms of the pyridine ring) and on the other hand a larger
potential contact surface between the contact atoms. This,
however, does not exclude the formation of competing
interactions, as evidenced in the structures of iodides by
numerous short C—H---I" and even 7+--I” contacts between the
cations and the iodide. Therefore, the halogenopyridinium
cations, in spite of much larger V,,,(X) values, have not been
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shown to be superior in comparison to “classical” neutral
halogen bond donors.

This having been said, although adding a positive charge on
the halogenopyridine ring forms numerous potential binding
sites for Lewis bases in bromopyridinium and particularly in
iodopyridinium cations, binding of the base to the halogen
atom is likely to occur. This makes halopyridinium cations
(particularly iodopyridinium) fairly reliable halogen-bond
donors and thus justifies their use in the development of
design strategies for the deliberate synthesis of halogen-bonded
supramolecular structures.

B EXPERIMENTAL SECTION

Synthesis. Halogenopyridines (2-CIPy, 2-BrPy, 2-1Py, 3-CIPy, 3-
BrPy, 3-IPy and 4-IPy), methyl iodide, and solvents were purchased
from Sigma-Aldrich and used as received. 4-CIPy was prepared by
dissolving 4-hydroxypyridine (700 mg, 6 mmol) in thionyl chloride (S
mL) and heating the mixture until the evolution of HCI gas ceased,
after which the excess thionyl chloride was removed by distillation. To
the remaining solid was added diethyl ether, and the mixture was
treated with aqueous sodium hydrogencarbonate. The ether layer was
separated and dried over sodium sulfate. The resulting solution was
directly used in further synthesis.

N-Methylhalogenopyridinium iodides (except for [4-CIPyMe]l)
were obtained by dissolving the halogenopyridine (1 mmol) in hot
acetone and adding methyl iodide in excess (ca. 20% above the
stoichiometric amount), whereupon the solutions were left to cool
and evaporate. [4-CIPyMe]l was prepared in a similar fashion by
adding methyl iodide to an ether solution obtained as described
above. Solid products appeared in 1—3 days. Single crystals (suitable
for single-crystal X-ray diffraction experiments) of [2-IPyMe]l, [3-
CIPyMe]l, [3-BrPyMe]l, [3-IPyMe]l, [4-CIPyMe]I and [4-IPyMe]l
were prepared by the synthesis procedure or by recrystallizing the
obtained salt from a mixture of ethanol and water.

Single crystals (suitable for a single-crystal X-ray diffraction
experiment) of [2-CIPyMe]l were prepared by recrystallizing the
obtained salt from a mixture of ethanol, acetone, and water.

In the case of [2-BrPyMel]], all attempts at crystallization led to
partial or complete replacement of covalently bonded bromine with
iodine and subsequent crystallization of mixed crystals containing
both [2-BrPyMe]* and [2-IPyMe]* cations on equivalent crystallo-
graphic positions. This has precluded us from obtaining single crystals
of [2-BrPyMe]l suitable for study.

FT-IR spectra (see the Supporting Information) of all prepared
salts were recorded on a PerkinElmer Spectrum Two FTIR
spectrometer using the attenuated total reflectance (ATR) technique.

[2-CIPyMe]l: selected IR data (cm™') 1617 (C=N),,, 1567 (C=
C) g 1439 (N=C) ey 29503050 (C—H); yield 116 mg (45.4%).

[2-IPyMe]l: selected IR data (cm™) 1616 (C=N),,, 1500 (C=
C)ying 1436 (N—=C),pnyy 20003050 (C—H); yield 91 mg (26.2%).

[3-CIPyMe]I: selected IR data (cm™") 1620 (C=N),,, 1560 (C=
) ing 1484 (N—C) ety 2950—3050 (C—H); yield 183 mg (71.6%).

[3-BrPyMe]l: selected IR data (cm™') 1622 (C=N),,, 1486 (C=
C)ying 1460 (N—=C),peinypy 2950—3100 (C—H); yield 231 mg (77%).

[3-TPyMe]l: selected IR data (cm™") 1622 (C=N),,, 1489 (C=
Cring 1453 (N=C) pyeqnyy 2940—3070 (C—H); yield 276 mg (79.6%).

[4-CIPyMe]l: selected IR data (cm™') 1627 (C=N),,, 1495 (C=
C)ying 1465 (N—=C) ey 28503070 (C—H); yield 93 mg (6.1%).

[4-IPyMe]l: only a few crystals were isolated, which were used for
X-ray and thermal analysis.

X-ray Diffraction Measurements. All single-crystal X-ray
diffraction experiments were performed using an Oxford Diffraction
XtaLAB Synergy, Dualflex, HyPix Xray four-circle diffractometer with
mirror-monochromated Mo Ka (4 = 0.71073 A) radiation. The data
sets were collected using the @-scan mode over a 26 range up to 60°.
The programs CrysAlis PRO CCD and CrysAlis PRO RED were
employed for data collection, cell refinement, and data reduction.®”*
The structures were solved by SHELXT or by direct methods using

https://doi.org/10.1021/acs.cgd.1c00805
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SHELXS and refined using SHELXL programs.*””® The structural
refinement was performed on F* using all data. The hydrogen atoms
were placed in calculated positions and treated as riding on their
parent atoms (C—H = 0.93 A and U;,(H) = 1.2[U,(C)] for aromatic
hydrogen atoms; C—H = 0.97 A and U,,(H) = 1.5[U(C)] for
methyl hydrogen atoms). All calculations were performed usin% the
WinGX or Olex2 1.3-ac4 crystallographic suite of programs.”’ A
summary of data pertinent to X-ray crystallographic experiments is
provided in Table S1 in the Supporting Information. Further details
are available from the Cambridge Crystallographic Centre (CCDC
2089226—2089232 contain crystallographic data for this paper). The
molecular structures of compounds and their packing diagrams were
prepared using Mercury.”

Thermal Analysis. Differential scanning calorimetry (DSC) and
thermogravimetric (TG) measurements were performed simulta-
neously on a Mettler-Toledo TGA/DSC 3+ module (Mettler Toledo,
Greifensee, Switzerland). Samples were placed in alumina crucibles
(40 pL) and heated from 25 to 300 °C, at a heating rate of 10 °C
min~" under a nitrogen flow of 150 mL min™".

Data collection and analysis were performed using the program
package STARe (Version 15.00, Mettler Toledo, Greifensee, Switzer-
land).”® TG and DSC thermograms of the prepared compounds are
shown in Figures S11—S15 in the Supporting Information.

Database Survey. A data survey has been performed on the CSD
database, version $.42 (May 2021) with three updates using
ConQuest Version 2020.3.0. For hydrogen- and halogen-bonded
contacts, the upper limit of the distance between the donor atom
(hydrogen or iodine) and acceptor ions (Cl~, Br~, I") was defined as
the sum of their van der Waals radii. Nitrogen halogenoheterocycles
were defined as containing a six-membered aromatic ring with one
nitrogen atom and a halogen substituent on the ortho, meta, or para
position. Perfluorinated iodobenzenes were searched as the aromatic
ring of six carbon atoms with iodo and fluoro substituents in ortho
positions. The resulting hits were checked manually.

In order to ascertain the frequency of halogen bonding, for each
donor a pair of searches were made. One was for structures with a
close contact of a donor halogen and nitrogen, oxygen, chloride,
bromide, or iodide (fluoride was excluded because of the extremely
small number of structures). The other search was for structures
containing both the donor and the potential acceptor (defined as
above) without the two necessarily being in short contact. From these
the structures that contained only quaternary nitrogen (which cannot
act as halogen bond acceptor) were removed manually. The incidence
of each donor type was than calculated as the ratio of the number of
hits obtained by the two searches.

Computational Details. All calculations were performed using
the Gaussian 09 software package.”* Geometry optimizations were
performed using the M062X/dgdzvp level of theory,”™ with an
ultrafine integration grid (99 radial shells and $90 points per shell).
This method has been shown to reproduce experimental halogen-
bond energies in the gas phase with good accuracy, which are
comparable to energies obtained by using larger and more time
consuming triple-( basis sets.”® Harmonic frequency calculations were
performed on the optimized geometries to ensure the success of each
geometry optimization. The figures were prepared using GaussView.”
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Abstract: We performed a structural study of N-alkylated halogenopyridinium cations to examine
whether choice of the N-substituent has any considerable effect on the halogen bonding capability
of the cations. For that purpose, we prepared a series of N-ethyl-3-halopyridinium iodides and
compared them with their N-methyl-3-halopyridinium analogues. Structural analysis revealed that
N-ethylated halogenopyridinium cations form slightly shorter C—X: - - I~ halogen bonds with iodide
anion. We have also attempted synthesis of ditopic symmetric bis-(3-iodopyridinium) dications.
Although successful in only one case, the syntheses have afforded two novel ditopic asymmet-
ric monocations with an iodine atom bonded to the pyridine ring and another on the aliphatic
N-substituent. Here, the C—I.- -1~ halogen bond lengths involving pyridine iodine atom were
notably shorter than those involving an aliphatic iodine atom as a halogen bond donor. This trend
in halogen bond lengths is in line with the charge distribution on the Hirshfeld surfaces of the
cations—the positive charge is predominantly located in the pyridine ring making the pyridine
iodine atom o-hole more positive than the one on the alkyl chan.
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cations tend to form quite short halogen bonds with both neutral and anionic halogen bond
acceptors, such as halogenide anions [104].

Herein, we report a structural study of a series of halogenides of N-alkylated 3-
halogenopyridinium cations with N-substituents other than methyl group. In the first
place, we prepared a series of s of N-ethyl-3-halopyridinium (chloro, bromo and iodo)
iodides, in order to compare them with the N-methyl-3-halopyridinium analogues to
examine whether the increased N-substituent has any observable effect on the halogen
bonding capability of the cations. In addition, we have attempted preparation of dications
comprising a pair of 3-iodopyridinium rings separated by an aliphatic linker, which might
act as ditopic cationic halogen bond donors (Scheme 1).

G O o =

[N,N’-Prop-(3-IPy),]**

H2C [N,N'-Buen-(3-IPy),]2*
“CH;3 |
[N-Et-3XPy]* XN .
X =Cl, Br, | | | ! NSESNIA
1 1 / |
=
[N-Propl-3XPy]*

[N-Buenl-3XPy]*
Scheme 1. Cationic halogen bond donors examined in this study.

2. Materials and Methods

All the solvents used (ethanol, acetone, dichloromethane) were procured from Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany. Ethyl iodide (EtI) and 3-chloropyridine
(3-ClPy) were procured from Acros Organics, Fisher Scientific UK Ltd., Leicestershire,
United Kingdom. 3-bromopyridine (3-BrPy), 3-iodopyridine (3-IPy), 4-iodopyridine (4-
IPy), 1,3-diiodopropane (Propl,) and 1,4-dibromobuta-2-ene (BuenBr;) were procured
from Apollo Scientific Ltd., Cheshire, United Kingdom. All reagents, as well as the organic
solvents, were used without additional purification.

2.1. Solution and Single Crystal Synthesis of Cocrystals

N-ethyl-3-chloropyridinium iodide [N-Et-3-ClPy]I and was obtained by dissolving
halogenopyridine (1 mmol) in hot acetone and adding ethyl iodide in excess (ca 1.2 mmol)
whereupon the solutions were left to cool and evaporate. Yellow crystals suitable for
single-crystal X-ray diffraction experiments appeared in one day. Yield: 213 mg (79%).

N-ethyl-3-bromopyridinium iodide [N-Et-3-BrPy]l was obtained by dissolving
halogenopyridine (1 mmol) in hot dichloromethane and adding ethyl iodide in excess
(ca 1.2 mmol) whereupon the solution was left to cool and evaporate. Brown crystals
suitable for single-crystal X-ray diffraction experiments appeared in three days. Yield:
183 mg (58%).

N-ethyl-3-iodopyridinium iodide [N-Et-3-IPy]l was obtained by dissolving halogenopy-
ridine (1 mmol) in hot dichloromethane and adding ethyl iodide in excess (ca 1.2 mmol)
whereupon the solution was left to cool and evaporate. Yellow crystals suitable for single-
crystal X-ray diffraction experiments appeared in three days. Yield: 297 mg (82%).

N-(2-oxopropyl)-3-bromopyridinium iodide ([N-Ace-3-BrPy]I) was obtained by dis-
solving 3-bromopyridine (1 mmol) in hot acetone and adding ethyl iodide in excess
(ca 1.2 mmol) whereupon the solution was left to cool and evaporate. Mixture of brown
crystals ([N-Et-3-BrPy]l and [N-Ace-3-BrPy]l) appeared in 12 h.

4-iodopyridinium hemihydroiodide ([4-Ipy],HI) was obtained by dissolving 4-iodopy-
ridine (1 mmol) in mixture of hot acetone and dichloromethane (1:1; volume ratio) and
adding ethyl iodide in excess (ca 1.2 mmol) whereupon the solution was left to cool and
evaporate. Blue crystals suitable for single-crystal X-ray diffraction experiments appeared
in one day.
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N-(3-iodopropanyl)-3-iodopyridinium iodide ([N-IProp-3-IPy]l) was obtained by dis-
solving 3-iodopyridine (2 mmol) in hot acetone and adding 1,3-diiodopropane (1 mmol)
whereupon the solution was left to cool and evaporate. Yellow powder appeared in
three days, while yellow crystals suitable for single-crystal X-ray diffraction experiments
appeared in ten days. Yield: 144 mg (29%).

(2E)-14-bis(pyridin-1-ium-1-yl)but-2-en dibromide ([N,N’-Buen-(3-IPy),]Br,) was ob-
tained by dissolving 3-iodopyridine (2 mmol) in mixture of hot acetone and ethanol (1:1;
volume ratio) and adding (E)-1,4-dibromobuta-2-ene (1 mmol) whereupon the solution
was left to cool and evaporate. White microcrystalline product appeared in one day. Yield:
494 mg (79%).

N-((2E)-4-iodobuta-2-enyl)-3-iodopyridinium iodide ([N-IBuen-3-IPy]l) was obtained
by dissolving [N,N’-Buen-(3-IPy);]Br; (Immol) in deionized water (20 mL) and passing
the solution through an anion exchange column. The ion-exchange resin (Dowex 21K
chloride form, 16-30 mesh, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was
regenerated with 50 mL aqueous solution of sodium hydroxide (c = 1 mol L™!). Hydroiodic
acid (c =1 mol L™!) was added dropwise in the obtained solution until neutralization.
Yellow crystals suitable for single-crystal X-ray diffraction experiments appeared in three
days. Yield: 57 mg (9%).

Single crystals (suitable for single crystal X-ray diffraction experiment) of [3-ClPyMel]l,
[3-BrPyMell, [3-IPyMel]l, ([N-Ace-3-BrPy]l, [4Ipy],HI, [N-IProp-3-IPy]l and [N-IBuen-3-
IPy]I were obtained from the synthetic procedure, while single crystals of ([N,N’-Buen-(3-
IPy),]Br;) were prepared by crystalizing the initially obtained microcrystalline salt from
mixture of ethanol and water (3:1; volume ratio).

FT-IR (ATR) spectra of prepared compounds are shown in Figures 521-526 in Supple-
mentary Materials.

2.2. Powder X-ray Diffraction Measurements

Powder X-ray diffraction experiments on the samples were performed on an Aeris
X-ray diffractometer (Malvern Panalytical, Malvern Worcestershire, UK) with CuK«x1
(A = 1.54056 A) radiation. The scattered intensities were measured with a PIXcel-1D-
Medipix3 detector. The angular range was from 5° to 40° (20) with a continuous step size
of 0.02° and measuring a time of 0.5 s per step.

Data collection methods were created using the program package START XRDMP
CREATOR (Malvern Panalytical, Malvern Worcestershire, UK) while the data were anal-
ysed using X'Pert HighScore Plus (Version 2.2, Malvern Panalytical, Malvern Worcester-
shire, UK) [105]. Comparison of measured and calculated PXRD patterns of the prepared
compounds are shown in Figures S9-514 in Supplementary Materials.

2.3. Single Crystal X-ray Diffraction Measurements

Single crystal X-ray diffraction experiments were performed using an Oxford Diffrac-
tion Xcalibur Kappa CCD X-ray diffractometer (Oxford Diffraction Ltd., Abingdon, UK)
with graphite-monochromated MoKw (A = 0.71073 A) radiation. The data sets were col-
lected using the w-scan mode over the 260—range up to 54°. Programs CrysAlis PRO
CCD and CrysAlis PRO RED were employed for data collection, cell refinement, and
data reduction [106,107]. The structures were solved and refined using SHELXS (Ver-
sion 2013, Goéttingen, Germany), SHELXL programs (Version 2013, Gottingen, Germany),
SHELXT programs (Version 2013, Gottingen, Germany), respectively [108,109]. The struc-
tural refinement was performed on F? using all data. The hydrogen atoms were placed
in calculated positions and treated as riding on their parent atoms (C-H = 0.93 A and
Uiso(H) = 1.2 Ueq(C) for aromatic and methine hydrogen atoms; C-H = 0.96 A and
Uiso(H) = 1.5 Ueq(C) for methyl hydrogen atoms, C-H = 0.97 A and Ueo(H) = 1.2 Ueq(C)
for methylene hydrogen atoms). The position of the proton in [4-IPy---H---4-IPy]* cation
could not be reliably located from the electron difference map, and it was modelled
as disordered over two positions on the nitrogen atoms of both 4-IPy molecules with
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0.5 occupancy. All calculations were performed using the WinGX or Olex2 1.3-ac4 crystal-
lographic suite of programs [110,111]. The figures were prepared using Mercury 2020.2.0
(CCDC, Cambridge, UK) [112]. Crystallographic data of the prepared compounds are
shown in Table S2 in Supplementary Materials. ORTEP plots of the obtained compounds
are shown in Figures S1-S8 in Supplementary Materials. CCDC No. 2109490-2109497,
contain crystallographic data for this paper.

2.4. Thermal Analysis

Differential scanning calorimetry (DSC) and thermogravimetric (TG) measurements
were performed simultaneously on a Mettler-Toledo TGA /DSC 3+ module (Mettler Toledo,
Greifensee, Switzerland). Samples were placed in alumina crucibles (40 uL) and heated
25 to 300 °C, at a heating rate of 10 °C min~—! under nitrogen flow of 150 mL min~?.

Data collection and analysis were performed using the program package STARe Software
(Version 15.00, Mettler Toledo, Greifensee, Switzerland) [113]. TG and DSC thermograms of

the prepared compounds are shown in Figures S15-520 in the Supplementary Materials.

2.5. Calculations

All calculations were performed using CrystalExplorer software package [114]. Hirsh-
feld surfaces were generated with high resolution. Molecular electrostatic potentials were
calculated at BSLYP-DGDZVP level of theory [115-118].

3. Results and Discussion

All three meta-halogenopyridines (chloro, bromo and iodo) were successfully
N-ethylated using Etl, producing corresponding iodide salts. The crystal structure of
[N-Et-3-CIPy]l comprises centrosymmetric cyclical [N-Et-3-CIPy],], tetramers in which
[N-Et-3-CIPy]" cations and iodide anions are interconnected through C—H- - - I hydrogen
bonds (d(C3- - - 11) = 3.901(6) A, d(C4- - - 11) = 3.876(6) A) (Figure 1a). C—H- - - I~ hydrogen
bonds and anion-7 interactions, d(C5- - - I1) = 3.729(7) A). The tetramers are connected
into a layer via C—H- - - I~ hydrogen bonds (d(C1- - - I1) = 3.866(6) A), and the layers are
then stacked on top of each other. Chlorine atoms do not participate in any significant
supramolecular interactions. Analysing the electrostatic potential plotted on the Hirshfeld
surface (Figure 1b), it has been found that ESP on the Hirshfeld surface in the o-hole area
(0.112 a.u.) is less positive than the mean ESP of chloropyridinium cation (0.148 a.u.).
On the other hand, ESP on Hirshfeld surface near hydrogen atoms, which participate in
supramolecular interactions, corresponds to the most positive regions of the [N-Et-3-CIPy]*
cation (0.229 au).

Substitution of chlorine on the pyridine ring with bromine leads to a significant
difference in the structural arrangement of the cations and anions. The main difference
is the presence of a C—Br-- -1~ halogen bond shorter by ca. 6% than the sum of the
corresponding van der Waals radii (d(Brl- - - 11) = 3.611(7) A, £ (C2-Brl--- 1) = 169.2(2)°).
A methylene hydrogen atom of the ethyl group participates in a C—H- - -1~ hydrogen
bond with the iodide anion (d(C6- - - 11) = 4.013(6) A). This combination of halogen and
hydrogen bonds connects bromopyridinium cations and iodide anions in helical chains
extending along the crystallographic b axis. The iodide anions also participate in anion-7t
contacts (d(C1- - - I1) = 3.575(5) A) with cations from the neighbouring chains, which leads to
formation of layers perpendicular to the c axis in the structure of [N-Et-3-BrPy]I (Figure 2).

In the structure of [N-Et-3-Ipy]l the cations and the anions are also connected in
chains (along the crystallographic b axis) with combinations of C—I. - -1~ halogen bonds
d(11---12) =3.473(3) A, £ (C2-11--- 12) = 178.25(7)°) shorter by ca. 12% than the sum of the
corresponding van der Waals radii, and C—H- - - ™ hydrogen bonds (d(C1- - - 12) = 3.778(3) A),
but here the hydrogen bond is formed by an aromatic hydrogen atom in ortho position to
the pyridine nitrogen. The chains are connected into layers via C—H- - - I~ hydrogen bonds
(d(C7- - -12) = 4.094(3) A) with a methyl hydrogen atom (Figure 3).
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0.199 a.u.

0.200 a.u.

0.229a.u.
0.112z.u.

Figure 1. (a) Layers of [N-Et-3-CIPy]* cations and iodide anions connected through C—H---I~
hydrogen bonds in the structure of [N-Et-3-CIPy]l; (b) Hirshfeld surface with mapped ESP (computed
on B3LYP-DGDZVP level of theory) of the [N-Et-3-CIPy]* cation and the contact iodide anions in
[N-Et-3-CIPy]L

Figure 2. [N-Et-3-BrPy]* cations and iodide anions connected into layers through C—Br- - - I~ halogen
bonds, C—H- - - I~ hydrogen bonds and anion-m contacts in the structure of [N-Et-3-BrPy]l.
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Figure 3. [N-Et-3-IPy]* cations and iodide anions connected into layers through C—I- - - I~ halogen
bonds and C—H: - - I~ hydrogen bonds in the structure of [N-Et-3-IPy]l.

The halogen bond strengths also reflect the thermal stability of the iodide salts of the
N-ethylated 3-halogenopyridines. The inspection of the results of the thermal analysis
(see DSC and TG thermograms in the ESI) revealed that all three compounds exhibit
well-defined melting points, which are then followed by simultaneous decomposition
and evaporation. Melting point temperatures increase from 110 °C for [N-Et-3-CIPy]I to
116 °C for [N-Et-3-BrPy]I and finally 127 °C for [N-Et-3-IPy]I showing a clear increase in
the melting point temperature with the size of halogen bond donor atom and, therefore,
the strength of the C—X. - - I~ halogen bond.

If one is to compare halogen bonding in N-ethylated 3-halogenopyridinium iodides
to those in N-methylated 3-halogenopyridinium iodides, one can see that in both series
cations derived from 3-bromopyridine and 3-iodopyridine participate in C—X- - - I~ halo-
gen bonds. Conversely, in N-ethyl-3-chloropyridinium iodide, cations do not participate in
halogen bonding, while in N-methyl-3-chloropyridinium iodide some of symmetrically
independent cations participate in the C—Cl. - - I~ halogen bonds with iodide anion, but
these halogen bonds are longer than the sum of the corresponding van der Waals radii.
When comparing the lengths of the halogen bonds in the two series of iodides, both the
C—Br---17 and the C—I-- -1~ halogen bonds are shorter in the N-ethylated salts than
in the N-methylated salts (Table 1). The ESP values plotted on the Hirshfeld surface of
cations are similar in 3-bromopyridinium cations while in case of 3-iodopyridinium cations
N-methylated one have somewhat smaller ESP value than the N-ethylated one. All in
all, there is no significant difference in halogen bonding between the N-ethylated and the
N-methylated halogenopyridinium cations with iodide anions.

Table 1. An overview of the C—X. - - I~ halogen bonds and ESP values in o-hole area in the N-ethylated and N-methylated

3-halogenopyridines [104].

N-ethylated N-methylated
d(XB)/A R.S. (XB)/% ESP (X)/kJ mol—1 e—1 d(XB)/A R.S. (XB) ESP (X)/kJ mol—1 e—1
3CIPy / / 294 3.776 -1.2 381
3BrPy 3.611 5.7 449 3.637 5.0 452
3IPy 3.473 12.3 570 3.538 10.7 554
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Interestingly, while the reaction of iodoethane with 3-chloropyridine and 3-iodopyridine
in acetone yielded only the expected N-ethyl-3-pyridinium iodides, 3-bromopyridine
yielded a mixture of the expected [N-Et-3-Brpy]l and N-(2-oxopropyl)-3-bromopyridinium
iodide ([N-Ace-3Brpy]l, Figure 4a). This by-product was formed by reaction of an acetone
molecule with 3-bromopyridine, presumably through the formation of an intermediate
iodoacetone in situ. When dichloromethane was used as the solvent, only pure [N-Et-3-
Brpy]l was obtained.

Figure 4. (a) [N-Ace-3-BrPy]* cation; (b) [N-Ace-3-BrPy]* cations and iodide anions connected through C—Br- - - I~ halogen
bonds and C—H: - - I~ hydrogen bonds into chains in the structure of [N-Ace-3-BrPy]l; (c) View along crystallographic b

axis—chains connected into layer through C—H- - -I" hydrogen bonds.

In the structure of [N-Ace-3-Brpy]l, the bromine atom again forms a halogen bond
with the iodide anion (d(Brl- - - 1) = 3.694(7) A, £ (C2-Br1--- I1) = 166.4(1)°). Iodide anion
also binds [N-Ace-3-Brpy]" cation through C—H---I" hydrogen bonds
(d(C1- - -11) = 3.754(4) A) with an aromatic hydrogen atom in ortho position to the pyridine
nitrogen which lead to the formation of helical chains extending along the crystallographic
b axis (Figure 4b). A different set of C—H. - -1~ hydrogen bonds (d(C3-: - - 11) = 3.847(5) A)
leads to the formation of the 2D structure (Figure 4c).

In order to expand the series of N-ethylated iodopyridinium salts, we have attempted
to synthesize N-ethyl-4-iodopyridinium iodide from 4-iodopyridine and ethyl iodide.
However, despite numerous attempts of synthesis, we were not able to isolate the de-
sired product. Instead, when the reaction was performed in a mixture of hot acetone
and dichloromethane, a minute amount (two single crystals) of solid product was ob-
tained, which was identified as 4-iodopyridinium hemihydroiodide ((4-IPy),HI). It was
presumably formed by a reaction of 4-IPy and the traces of hydroiodic acid produced by
hydrolysis of ethyl iodide with water absorbed from the atmosphere over time. Although
in the structure of (4-IPy),HI the position of the HI hydrogen atom could not be ascertained
from the electron difference map, it is evident that it is placed between the nitrogen atoms
of a pair of molecules, interconnecting them by a charge assisted [119] (probably symmet-
rical) N- - - H- - - N hydrogen bond (d(N- - - N) = 3.202(8) A)into a [(4-IPy),H]" complex.
The iodide anion participates in two C—I-- -1~ halogen bonds (d(I1- - - I13) = 3.502(7) A,
Z (C3-T1---13) = 173.8(2)°; d(I2- - - 13) = 3.533(7) A, £/ (C8-12---13) = 172.7(2)°), with two
neighbouring [(4-IPy),H]* hydrogen-bonded complexes. This combination of hydrogen
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and halogen bonds forms supramolecular chains which are further connected into double
chains through C—H- - - I~ hydrogen bonds (d(C6- - - I1) = 4.028(7) A) (Figure 5). It is inter-
esting to note that this structure presents an excellent illustration of the HSAB principle in
supramolecular chemistry[120,121]—the iodine atom of the [(4-IPy),H]* complex is the
softer Lewis acid and therefore preferentially binds to the softer Lewis base, i.e., iodide. In
contrast, the proton is the hardest Lewis acid and preferentially bind to the harder Lewis
base, i.e., pyridine nitrogen.

Figure 5. [(4-IPy),H]" hydrogen bonded complexes and iodide anions connected through C—I- - - I~ halogen bonds and
C—H-: - - 1" hydrogen bonds into double chains in the structure of [(4-IPy),H]I

As shown above, the hydrogen bonded [(4-IPy),H]* complex acts in the crystal struc-
ture of (4-IPy),HI as a linear ditopic cationic halogen bond donor. This observation inspired
us to attempt deliberate synthesis of ditopic cationic halogen bond donors by linking a
pair of iodinated pyridine rings with different hydrocarbon linkers. For this purpose, we
selected 3-IPy (which has shown to be a more reliable substrate for N-alkylation) as the
iodopyridine, and propylene and (E)-buta-2-enylene chains as linkers. These linkers were
selected as the latter was expected to result in a linear ditopic donor (due to the constricted
rotation about the double bond), while the former would result in a bent molecule (the
linker being an odd-numbered hydrocarbon chain).

The reaction of 3-IPy with 1,3-diiodopropane in 2:1 ratio, which was expected to
produce the bent dication did not yield the desired product. Instead, we obtained N-(3-
iodopropane)-3-iodopyridinium iodide ([N-IProp-3-IPy]l). [N-IProp-3-IPy]I crystalized
in centrosymmetric P2;/c space group with two crystallographically independent ion
pairs in the asymmetric unit. This structure comprised chains of alternating cations
and anions connected by C—I- - -1~ halogen bonds (Figure 6). In spite of the fact that
only one iodine atom of the reactant 1,3-diiodopropane was substituted by 3-IPy, the
cations acted as ditopic halogen bond donors. Both cations bind two iodide anions,
one through C—I. - - I~ halogen bonds (d(I1- - - I5) = 3.487(7) A, Z (C2-11---15) = 174.3(2)°;
d(I3- - - 16) = 3.558(7) A,z (C10-I3---16) = 174.4(2)°) with the iodine bonded to pyridine ring,
and the other through C—I- - - I~ halogen bonds (d(14- - - I5) = 3.870(8) A, / (C8-14---15) =
176.0(2)°; d(12- - - 16) = 4.044(8) A, £ (C16-12---16) = 152.4(2)°) with the iodine atom bonded
to alkyl chain. Halogen bonds involving the pyridine iodine atom as halogen bond donor
are ca. 10% and 12% shorter than the sum of the corresponding van der Waals radii. On
the other hand, one of the two halogen bonds involving an alkyl iodine atom as a halogen
bond donor is ca. 2% shorter, while the other one is ca. 2% longer than the sum of the
corresponding van der Waals radii. The neighbouring chains are further interconnected by
anetwork of C—H- - -1~ and C—H- - - I contacts in a 3D structure (Figure 6).

Unlike 1,3-diiodopropane, (E)-1,4-dibromobuta-2-ene reacted with 3-IPy in the ex-
pected 1:2 ratio, yielding a bromide salt of a [N,N’-Buen-(3-IPy),]** cation (Figure 7a). This
salt crystalized in the centrosymmetric space group P 2;/c with the cation placed on an
inversion centre. The cation binds two bromide anions via C—I. - - Br~ halogen bonds
(d(11- - - Brl) = 3.240(6) A, / (C2-11---Brl) = 174.5(1)°). In addition to this halogen bond,
the bromide anion participates only in C—H- - - Br~ hydrogen bonds with aromatic and
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methine hydrogen atoms of four neighbouring cations (Figure 7b) leading to formation of
a 3D structure.

Figure 6. (a) [N-IProp-3-IPy]* cations and iodide anions connected through C—I- - - I~ halogen bonds
in chains in the structure of [N-Et-3-IPy]I; (b) Neighbouring chains are further interconnected by a
network of C—H- - - I~ and C—H- - - I contacts into a 3D structure.

Figure 7. (a) One [N,N’ —Buen—(3-IPy)2]2+ cation binds two bromide anions by C—I. - - Br~ halogen
bonds in the structure of [N,N’-Buen-(3-IPy),]Br,; (b) Bromide anion binds four neighbouring cations
through C—H- - - Br~ and one cation through C—I. - - Br~ halogen bonds leading to formation of a
3D structure.
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In order to be able to better compare the [N,N’-Buen-(3-IPy),]** cation to other halo-
gen bond donors covered by this study (all obtained as iodide salts), we attempted to
obtain its iodide salt by ion exchange. Unfortunately, the cation was decomposed by the
process: instead of the expected product, we obtained [N-IBuen-(3-IPy)]l, an iodide salt
of a monocation equivalent to the [N-IProp-3-IPy]* cation described above. In contrast to
[N-IProp-3-IPy]l, in [N-IBuen-(3-IPy)]l, the cation does not act as a ditopic donor. Only
the pyridyl iodine atoms participate in halogen bonding with iodide anions. The C—I- - -1~
halogen bonds are ca. 14% and 10% shorter than the sum of the corresponding van der
Waals radii (d(I1- - - 13) = 3.395(1) A, Z (C2-11---15) = 176.1(4)°; d(I4- - -16) = 3.569(1) A,
Z (C11-14--16) = 177.2(4)°). Those two halogen-bonded ion pairs (independent by sym-
metry) are connected in tetramers through C—H- . -1~ hydrogen bonds with methylene
and aromatic hydrogen atoms (orhito to the pyridine nitrogen) (d(C1---16) = 3.841(1) A,
d(C6- - -16) = 3.874(2) A; d(C10- - - 13) = 3.852(1) A, d(C15- - - 13) = 3.987(1) A). Tetramers are
linked into chains through C—H- - - I~ hydrogen bonds with hydrogen atoms in meta po-
sition to the pyridine nitrogen atom (d(C4- - - 16) = 3.961(2) A, d(C13---13) = 3.918(2) A)
(Figure 8).

Figure 8. [N-IBuen-(3-IPy)]* cations and iodide anions connected through C—I. - - I~ halogen and
C—H- - -I7 hydrogen bonds in cyclical [N-IBuen-(3-IPy)],I, tetramers linked via C—H- - -1~ hydro-
gen bonds into chains the structure of [N-IBuen-(3-IPy)]L

The failure of the alkyl iodine atom of [N-IBuen-(3-IPy)]* to act as a donor of a halogen
bond can be rationalised by an examination of the ESP values plotted on the Hirshfeld
surfaces of the cations (Figure 9a). Generally, it can be seen that the positive charge is mainly
located around pyridine nitrogen atom and neighbouring atoms (carbon and hydrogen)
and spread on the pyridine ring rather than on the alkyl chain. As a result, the ESP in
the region of the o-hole of the aliphatic iodine atom on the aliphatic chain is considerably
lower than that of the iodine on the pyridine ring. Consequently, the aliphatic iodine atom
is a weaker halogen bond donor. This can also be seen from the comparison of the lengths
of the C—I- - - I~ halogen bond involving pyridine iodine atom and aliphatic iodine atom as
halogen bond donor in [N-IProp-3-IPy]l. Halogen bonds involving iodine atoms bonded to
pyridine ring (ESP of 0.227 a.u. and 0.203 a.u.) are ca. 10-14% shorter than the sum of the
corresponding van der Waals radii, while those involving iodine bonded to the aliphatic
chain are in one case (ESP of 0.118 a.u.) slightly shorter, and in the other (ESP of 0.100 a.u.)
even longer, than the sum of the corresponding van der Waals radii (Figure 9a).
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Figure 9. Hirshfeld surface with mapped ESP (computed on B3LYP-DGDZVP level of theory) for: (a) [N-IBuen-(3-IPy)]*
cation and (b) [N-IProp-(3-IPy)]* cation.

If we compare the Cpy—I- - - I~ halogen bonds in [N-IProp-3-IPy]I and [N-IBuen-(3-
IPy)]I, we can see that [N-IBuen-(3-IPy)]* forms somewhat shorter halogen bond with
iodide anion than [N-IProp-(3-IPy)]* cation. Furthermore although the Cpy—I- - -1~ halo-
gen bonds in [N-IProp-3-IPy]l are somewhat longer than the one in [N-Et-3-Ipy]l, there
appears to be a trend of longer chains as N-substituents generally leading to shorter
Cpy—I- - -I" halogen bonds in N-alkyl-3-iodopyridinium iodides (Figure 10a). The values
of ESP corresponding to the o-hole of the iodine on the pyridinium ring (plotted on the
Hirshfeld surfaces of these four cations in the crystal structures of the corresponding io-
dides) also follow the same trend, with the o-hole of the iodine being the most positive in
[N-IBuen-(3-IPy)]*, and least positive in [N-Me-3-Ipy]* (Figure 10b).

38 - b) 410 -
. ) .
3.7 3.90
[ n
36 - I
© %370 A
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- A . ~
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3.4 ° ) o
°
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Number of C atoms in N-substituent chain ESP/a.u.

Figure 10. (a) Correlation of the number of carbon atoms in N-substituent chain of N-alkyl-3-iodipyridinium cations
with C—I.- -1~ halogen bonds lengths; (b) plot of the values of ESP corresponding to the o-hole of the halogen atom. vs.
C—X: -1~ halogen bonds lengths.
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4. Conclusions

Introducing various (aliphatic) N-substituents on the pyridine ring of 3-bromo- and
3-iodopyridine appears to be a viable method for preparation of an entire class of cationic
halogen bond donors. Using aliphatic dihalogenides to produce bis-(halogenopyridinium)
dications capable of acting as ditopic halogen bond donors has proven to be somewhat less
successful—of the two attempted target cations, only one was isolated, and it decomposed
during an attempted ion exchange. However, this opened the possibility of the synthesis
of potentially ditopic asymmetric aliphatic-aromatic monocationic halogen bond donors,
with two halogens which greatly differ in ESP values corresponding to the halogen o-hole,
and therefore in halogen bonding potential.
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labelling scheme. Displacement ellipsoids are drawn at the 50% probability level, and H atoms are
shown as small spheres of arbitrary radius; Figure S3. Molecular structure of [N-Et-3-IPy]l showing
the atom-labelling scheme. Displacement ellipsoids are drawn at the 50% probability level, and H
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of [4-IPy],HI showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 50%
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Molecular structure of [N,N‘-Buen-(3-IPy),]Br, showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius; Figure S8. Molecular structure of [N-BuenlI-3-IPy]I showing the atom-labelling scheme.
Displacement ellipsoids are drawn at the 50% probability level, and H atoms are shown as small
spheres of arbitrary radius; Figure S9. Measured (black) and calculated (blue) PXRD patterns of
[N-Et-3-CIPy]I; Figure S10. Measured (black) and calculated (blue) PXRD patterns of [N-Et-3-BrPy]l;
Figure S11. Measured (black) and calculated (blue) PXRD patterns of [N-Et-3-IPy]l; Figure S12.
Measured (black) and calculated (blue) PXRD patterns of [N-PropI-3-IPy]Br; Figure S13. Measured
(black) and calculated (blue) PXRD patterns of [N,N*-Buen-(3-IPy),]Br,; Figure S14. Measured
(black) and calculated (blue) PXRD patterns of [N-BuenI-3-IPy]I; Figure S15. TG (black) and DSC
(red) thermograms of [N-Et-3-CIPy]L; Figure S16. TG (black) and DSC (red) thermograms of [N-Et-3-
BrPy]l; Figure S17. TG (black) and DSC (red) thermograms of [N-Et-3-IPy]I; Figure S18. TG (black)
and DSC (red) thermograms of [N-ProplI-3-IPy]L; Figure S19. TG (black) and DSC (red) thermograms
of [N,N*-Buen-(3-IPy), |Bry; Figure S20. TG (black) and DSC (red) thermograms of [N-BuenI-3-IPy]l;
Figure S21. IR spectrum (ATR) of [N-Et-3-CIPy]I; Figure S22. IR spectrum (ATR) of [N-Et-3-BrPy]I;
Figure S23. IR spectrum (ATR) of [N-Et-3-IPy]l; Figure S24. IR spectrum (ATR) of [N-PropI-3-IPy]I;
Figure S25. IR spectrum (ATR) of [N,N‘-Buen-(3-IPy),]Br,; Figure S26. IR spectrum (ATR) of [N-
Buenl-3-IPy]l; Table S1. An overview and crystallographic data of the prepared compounds. CCDC
2109490-2109497 contain crystallographic data for this paper. These data can be obtained free of
charge from the Director, CCDC, 12 Union Road, Cambridge, CBZ 1EZ, UK (Fax: +44-1223-336033;
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In order to examine the possibility of controlling formation of hydrogen bonded hexacyanoferrous
networks through combination of hydrogen and halogen bonding, seven new crystalline compounds were
obtained by reacting hexacyanoferrous acid (Hs[Fe(CN)gl) with seven halogenopyridines. The (protonated)
halogenopyridines were present in all seven obtained solids, and the extent in which they participate in
halogen bonding varied with the halogen atom (Cl, Br and |) and the geometry of the halogenopyridines
(0-, m- or p-). lodopyridines have been found to always form halogen bonds with the cyano groups of the
anions, while neither chloropyridine used in this study was found to act as a halogen bond donor. Of the
prepared solids, four comprise hydrogen bonded hexacyanoferrate networks achieved by direct binding of
H.[Fe(CN)e]?>™ and HslFe(CN)gl™ anions through [Fe-CN---H---NC-Fe] hydrogen bonds into 2D and 3D
networks respectively, two are formed from H,[Fe(CN)gl®>~ anions bridged by water molecules, and one
from [Fe(CN)gl*™ anions bridged by HsO" cations. This variability in hydrogen bonding patterns can be
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Introduction

Prussian blue analogues have been widely studied over the past
decades, as they have been shown to have numerous potential
applications ranging from electrode materials,"” molecular
magnets,® > or photoswitchable magnetic solids,"*?° to
molecular sieves,>** decontaminants and antidotes for
radioactive metals, and as gas storage materials.””° The
majority of design strategies for such materials have been
based on Lewis basicity of the polycyanometalate (such as
hexacyanoferrate anions), employing them as bridging
ligands to form coordination networks,® ™ but also as
hydrogen bond acceptors with organic hydrogen donors
interposed between the polycyanometalate anions.*®>°
Recently, however, we have demonstrated that a widely
versatile design strategy for Prussian blue analogues
(hexacyanoferrate(Il) derivatives in particular) can be based
on partially protonated hexacyanoferrate(Il) anions acting as
hydrogen bond donors.”” This in principle leads to hydrogen
bonded chains or networks (2D and 3D) of anions
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brought into connection with different halogen bonding proclivities of the halopyridinium cations.

interconnected by symmetric [Fe-CN:-:-H:--NC-Fe] hydrogen
bonds.”®®° Of these, the most common structural motif was
found to be an approximately planar 2D network of
H,[Fe(CN)e]*~ anions in which each anion acts as a donor
and an acceptor of two [Fe-CN---H---NC-Fe] hydrogen bonds,
which leaves two cyanide ligands orthogonal to the network
free to form hydrogen bonds with the cations and solvent
molecules on each side of the hydrogen bonded anionic
layer. The crystal packing in such structures is primarily
determined not only by the strength of the base used, but
also by hydrogen bonding abilities and close packing of the
cations and solvent molecules. Because of this, exact control
of the structure, or even protonation state of the
hexacyanoferrates, has proven elusive, as closely related base
molecules have shown to lead to compounds of significantly
different structures and stoichiometries.

A possible method for achieving a higher degree of control
could be by using halogenopyridines as bases. Within each
series of halogenopyridines (o-, m-, p-), there is very little
variability of either pK, values (Table 1), molar volumes or
molecular geometries, the only significant variable which
changes within a series being halogen bonding potential. In
the Cambridge Structural Database,® there are almost three
hundred datasets corresponding to salts and cocrystals
comprising halogenopyridines. The majority of these (184)
are salts of protonated halogenopyridinium cations, mostly
involved in halogen bonding, the incidence of halogen
bonding increasing from chloropyridines to iodopyridines

This journal is © The Royal Society of Chemistry 2020
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Table 2 Overview of the prepared compounds

Product Formula HB-network type®
I (2-Clpy),(PyH),(H;0),([Fe(C )6]22) d
I (2-Brpy)s(2- BrpyH)S( 3[ e(CN)6]* )s b
I (2-IpyH),(H,[Fe(CN)e]*) a
v (3-ClpyH),(MeOH)(H,[Fe(CN)e]*) a
\% (3-BrpyH),(H,0),(H,[Fe(CN) ") c
VI (3-IpyH),(H,0),(H,[Fe(CN)s ) c
viI (4-IpyH),(MeOH)(H,[Fe(CN)s]*) a

“ For definition of the hydrogen bonded network types, see Fig. 6.

(47 of total 71 structures (62%) with chloropyridines show
halogen bonding, 75 out of 83 (90%) with bromopyridines, as
do all (30) the structures with iodopyridines), in accord with
the general trend of halogen bond potential in of the donor
halogens.®*"®°

Being Lewis bases (with non-bonding electron pairs on
the cyanide groups), polycyanometalates can also act as
halogen bond acceptors. This has indeed been shown for
hexacyanoferrates of N-alkylated halogenopyridine derivatives
as both counterions and halogen bond donors.”””"
Therefore, protonated halogenopyridines should also be able
to form halogen bonds with hexacyanoferrate anions. As
halogenopyridines are relatively weak bases (Table 1), they
should yield structures comprising partially protonated
hexacyanoferrate anions upon reaction with hexacyanoferric
acid. Such anions will be capable of forming hydrogen
bonded networks either through [Fe-CN---H---NC-Fe]
hydrogen bonds or with bridging solvent molecules.
Protonated halogenopyridines will be present as counterions,
capable of both hydrogen and halogen bonding with the
anions, similarly to their behaviour in previously studied
halogenopyridinium halometallates.”*”®

In this study, we have thus set out to investigate whether
using (protonated) halogenopyridines as counterions, can
indeed lead to a higher degree of control of structures of
corresponding hexacyanoferrates through halogen bonding
between the constituents (or absence thereof). The study
involved o- and m-halogenopyridines (Cl, Br and I), as well as
p-iodopyridine, in order to ascertain both the effect of the
position and of the nature of the halogen atom.

Results and discussion

For our study seven halogenopyridines (three o- and
m-halogenopyridines, and p-iodopyridine); (Table 1) were

N 4 \
Il
c AN |
1,° Pz
NEC—/-ZO—CEN N
C
N 1l 2-CIPy:X=Cl 3-CIPy:X =Cl
~ 2-BrPy:X=Br 3-BrPy:X=Br
2IPy:X=1  3-Py:X=1 4Py

Scheme 1 Hexacyanoferrate(ll) anion and halogenopyridines used in
this study.
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reacted with hexacyanoferric(Il) acid (H,[Fe(CN)g]) (Scheme 1)
in a water/methanol/ethanol solution (the halogenopyridine
being in stoichiometric excess), and have yielded seven
crystalline materials (Table 2).

Crystal structures

The three o-halogenopyridines have yielded three markedly
different products with considerable differences not only in
structure, but also in chemical composition. o-Chloropyridine
yielded a double salt comprised of fully deprotonated
[Fe(CN)o]*™ anions and both pyridinium and oxonium (H;0)
cations (I). The hexacyanoferrate anions and oxonium cations
form a 3D hydrogen bonded network with each oxonium
bridging three hexacyanoferrate anions and each
hexacyanoferrate bonding to six oxonium cations. The voids
in this network are filled by [2-Clpy---H:--py]" cations,
comprising  2-chloropyridine and pyridine molecules
interconnected by N---H--*N hydrogen bonds of 2.85(7) A
(Fig. 1; Table 3). The presence of unsubstituted pyridine in
the structure was quite surprising, as no pyridine had been
added to the reaction mixture. As crystals of I have been
obtained only after several weeks, it is probable that 2-Clpy
partially decomposed in the presence of hexacyanoferric acid
over the prolonged period of time, thus forming the pyridine
which eventually yielded crystals of I. The chlorine atoms of
the [2-Clpy---H---py]" cations do not form halogen bonds with
any surrounding potential acceptors, rather, the chlorine
atom participates only in very long type I’° Cl1---Cl1 contacts
of 3.63(3) A.

Unlike 2-Clpy, 2-Brpy yielded a crystalline product II
within several hours. This has been shown to comprise a
quasi-cubic 3D network of hydrogen bonded Hj[Fe(CN)s]
anions (each anion acting as a donor and an acceptor of
three hydrogen bonds with six neighbouring anions) with
protonated and neutral 2-Brpy filling the cavities of the
network. There is a considerable excess of 2-Brpy with respect
to the expected stoichiometry — while only one protonated 2-
Brpy is needed to offset the charge of each anion, the actual
ratio of 2-Brpy and anions is 8:3. Half of the 2-Brpy
molecules form N11---H10---N10 hydrogen bonded [2-
Brpy---H---2-Brpy]" two-molecular cations, analogous to the
[2-Clpy---H---py]" cations in I To each of these cations
another molecule of 2-Brpy is bonded via a C-H--*N hydrogen
bond contact (Fig. 2). The remaining 2-Brpy molecules are

Table 1 Used pyridines with corresponding pK, values and molar
volumes

Pyridine pK, (pyridine) Vi (pyridine)/em® mol™
2-Clpy 0.49 94.6
2-Brpy 0.90 95.4
2-Ipy 1.82 106.3
3-Clpy 2.84 95.1
3-Brpy 2.84 96.3
3-Ipy 3.25 97.6
4-1py 4.06 97.6

CrystEngComm, 2020, 22, 8142-8150 | 8143
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Fig. 1 Crystal structure of I: a) hydrogen bonded two-molecular [2-
Clpy---H---pyl* cations; b) a pair of [2-Clpy---H---py]* occupying a void
in the (Hz0%), [Fe(CN)e]*~ hydrogen bonded network.

severely disordered with one half of the symmetrically
equivalent molecules protonated. Unlike in I, there are
multiple halogen bonding contacts (albeit relatively long) in
II, both the protonated and neutral 2-Brpy molecules acting
as halogen bond donors to neighbouring cyanide groups
(Br4---N5 of 3.566(13) A and Br3--N6 of 3.640(12) A) as well
as type II interhalogen contacts (Bri---Br2 of 3.55(3) A) which
interconnect pairs of [2-Brpy---H---2-Brpy|" cations, leading to
the formation of [(2-Brpy),(2-BrpyH),]*" hexamers positioned
about the C, symmetry axis.

Using an even stronger halogen bond donor - 2-Ipy -
yielded III in which the presence of the halogen bond is even
more pronounced (Fig. 3a) and b)). Here the structure is
layered, with 2D networks of hydrogen bonded H,[Fe(CN)s]>~

View Article Online
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Fig. 2 Crystal structure of Il: a) halogen and hydrogen bonding
between neutral 2-Brpy molecules, 2-BrpyH® cations and
HslFe(CN)gl>™ anions; b) halogen and hydrogen bonded [(2-Brpy)s(2-
BrpyH),]2* hexamers; c) [(2-Brpy)s(2-BrpyH),]?* hexamers filling the
voids in the type b hydrogen bonded H3z[Fe(CN)g]™ network.

anions, each anion additionally binding two 2-IpyH" cations in
the axial positions. This places the iodine of the cation in the
correct position to form a bifurcated halogen bonding contact
with two cyanide ligands of the neighbouring anion. The
bifurcated bond is quite asymmetric, similar to the bifurcated
halogen bonds noted in cocrystals of neutral halogen bond
donors with ortho-hydroxymethoxybenzenes.**' Even though

Table 3 Halogen and hydrogen bond lengths and angles in the prepared compounds

Product Bond (D-X:--A or D-H---A) d(X-+-A)/d(D-H-+-A) (A) a(D-X:"A)/a(D-H:-+-A) (°)
I N5---H5N---N4 2.85(7) 168.8

I C4-Cl1---Cl1 3.63(3) 143.9(2)
I N11---H10---N10 2.720(18) 169.4

I C12-H12---N12 3.31(2) 156.5

I C25-Br4---N5 3.566(13) 153.7(4)
I C20-Br3---N6 3.640(12) 157.1(5)
I C10-Br1---Br2 3.55(3) 153.7(5)
I C4-11---N1 3.81(4) 152.3(1)
I C4-11---N2 3.60(4) 128.9(1)
1% N7-H7N---N5 3.60(4) 167.1

1 \% N8-H8N---O1 3.60(4) 171.9
v 01-H1--'N1 3.60(4) 171.4(3)
\% C5-Brl---N1 3.16(3) 173.9(9)
\% N4-H4N---N1 2.69(3) 157.5
VI C5-11---N1 3.12(4) 174.3(1)
VI N4-H4N---N1 2.71(5) 155.0
VII N4-H4N---N1 2.77(4) 150.4
viI 01-H1-N1 2.90(5) 127.8
VII C6-11---N2 3.19(3) 158.8(1)
VII C6-11---C2 3.55(3) 176.6(1)

8144 | CrystEngComm, 2020, 22, 8142-8150
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a)

Fig. 3 Crystal structures of Ill and IV: a) halogen and hydrogen
bonding of the anions and cations in Ill; b) the hydrogen bonded
network of H,[Fe(CN)gl>~ anions with halogen and hydrogen bonded
2-lpyH™ in Ill; c) hydrogen bonding of the anions, cations and solvent
molecules in IV; d) the hydrogen bonded network of H,[Fe(CN)gl?
anions hydrogen bonded 3-ClpyH* and MeOH in IV.

these halogen bonds are quite long and (expectedly) weak,
the resulting effect is a slight distortion of the hydrogen
bonded network of H,[Fe(CN)s]*~ anions, the mean planes of
the anions (defined by the cyanide groups participating in
hydrogen bonds between anions) are twisted out of the mean
plane of the network (at a dihedral angle of ca. 29°) and the
network itself is not rectangular. Both these structural
features also make the hydrogen bonds forming the anionic
2D network less linear.

Using m-halogenopyridine instead of the
o-halogenopyridine decreases the steric hindrance to
formation of halogen bonds, and could expectedly render
formation of halogen bonds between cations and anions
easier. In particularly, in case of structures where the anions
form hydrogen bonded 2D networks (such as in ), the
cations might act as bridges between the networks. 3-Clpy
has yielded a concomitant mixture of two phases, of which
only one could be obtained in the form of single crystals
suitable for X-ray diffraction experiments. This was IV, which
indeed did comprise 2D hydrogen bonded networks of
H,[Fe(CN)e]*~ anions similar to that in I (Fig. 3c) and d)).
There are two anions independent by symmetry, one of which
acts as a hydrogen bond acceptor to a pair of cations, and
the other to two methanol molecules which in turn bind a
cation each, leading to the overall stoichiometry of (3-
ClpyH),H,[Fe(CN)s]MeOH. However, of the two independent
3-ClpyH" cations, neither chlorine atom participates in any
intermolecular contacts.

3-Brpy and 3-Ipy have yielded a pair of isostructural
hydrates, V and VI. As in the 3-Clpy derivative IV, the

This journal is © The Royal Society of Chemistry 2020
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structure also comprised H,[Fe(CN)q]*”~ anions, however here
they were not directly connected into 2D hydrogen bonded
networks. Instead, water molecules have been interposed
between the anions, with a pair of water molecules bridging
two H,[Fe(CN)e]*” anions, each water molecule acting as an
acceptor of a N-H---O and a donor of an O-H---N hydrogen
bond.*”* This has lead to hydrogen bonded chains, with the
remaining water hydrogen binding orthogonally to a cyanide
group of an anion from the neighbouring chain,
interconnecting the chains into a 2D hydrogen bonded
network (Fig. 4a).

Unlike the 3-ClpyH' in IV, here the cations do form
halogen bonds with surrounding anions - in both V and VI,
these halogen bonds are approximately orthogonal to the
cyano group (CN---Br angle of ca. 100° in V and CN:-'I angle
of ca. 101° in VI). However, they do not interconnect the
hydrogen bonded layers, but rather provide additional
interconnection within the layers: each cation binds to two
anions from neighbouring chains (to one via an N-H--‘N
hydrogen bond and the other via a C-X--*N halogen bond;
Fig. 4b) and c).

The choice of the halogenopyridine has also a significant
effect on the halogen bond length, with the I1---N1 contact
in VI being shorter (3.12(4) A) than the corresponding
Bri---N1 contact in V (3.15(3) A), in spite of the larger atomic
radius of iodine (which in turn corresponds to significantly
larger shortening with respect to the sum of the van der
Waals radii of I1---N1-11.6% - than that of Brl---N1-7.2%).
The difference in the halogen bond strength also slightly
affects the hydrogen bond between the cation and the anion,
with the N4-H4N---N1 hydrogen bond longer (2.71(4) A) in VI
than the one in V (2.69(3) A).

><><><

{ Y A

a)

Fig. 4 Crystal structures of V and VI: a) the hydrogen bonded network
of H,lFe(CN)gl> anions and water molecules with halogen and
hydrogen bonded 3-BrpyH™ cations in V (identical as 3-IrpyH* cations
in VI1); b) bridging between hydrogen bonded chains through halogen
and hydrogen bonded 3-BrpyH®' cations in V; c) bridging between
hydrogen bonded chains through halogen and hydrogen bonded 3-
IpyH* cations in VI.

CrystEngComm, 2020, 22, 8142-8150 | 8145
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When 4-Ipy was used as the base, a methanol solvate VII
was obtained (Fig. 5). Similarly to III and IV, the structure
comprises 2D hydrogen bonded networks of H,[Fe(CN)s]>~
anions. The cyanide ligands not involved in hydrogen
bonding of the anions act as acceptors of a pair of hydrogen
bonds: N4-H4N---N1 of 2.77(4) A with a protonated 4-Ipy
molecule and O1-H1---N1 of 2.90(4) A with a solvent
methanol molecule. Here, the iodine atom of the 4-IpyH"
cation participates in a halogen bonding contact with a
cyanide ligand belonging to a neighbouring hydrogen
bonded anion network. The halogen bond is approximately
orthogonal to the cyanide group (CN--'I angle of ca. 98°),
with I1---N2 contact considerably shorter (3.19(3) A vs. 3.55(3)
A), but less linear than the I1---C2 contact (C-I---N2 angle of
158.8(1) vs. C-1---C2 angle of 176.6(1)). This makes VII the
only structure in which the hydrogen bonded anionic
networks are bridged by halogen bonds to form a 3D
structure.

General discussion

The obtained seven solids display considerably more
structural variability than one might expect solely on
consideration of the similarity of the reactant pyridines.
There are however some regularities worth considering. The

a)

<)

Fig. 5 Crystal structure of VII: a) halogen and hydrogen bonding of
the anions, cations and solvent molecules; b) the hydrogen bonded
network of H,[Fe(CN)g]?~ anions with halogen and hydrogen bonded
4-lpyH" cations; c) hydrogen bonded anionic hexacyanoferrate
networks bridged by halogen bonds to form a 3D structure.

8146 | CrystEngComm, 2020, 22, 8142-8150
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seven obtained hexacyanoferrate networks can be classified
into four types (Fig. 6). Three structures (III, IV and VII)
comprise generally the most common motif of simple 2D
networks of hydrogen bonded H,[Fe(CN)]*" anions (denoted
a in Fig. 6). The second type (denoted ¢ in Fig. 6) are the
hydrogen bonded 2D networks comprising H,[Fe(CN)s]>~
anions and water molecules present in V and VI. The
remaining two structures exhibit 3D networks derived from
the corresponding 2D networks: a pseudo-cubic network of
H;[Fe(CN)¢]” anions in II (b in Fig. 6), and a 3D network of
[Fe(CN),]*™ anions and oxonium cations in I (d in Fig. 6).

The largest structural diversity has been achieved among
the o-halogenopyridine derivatives, where the three
halogenopyridines yielded products not only of three distinct
structural types (Table 2), but also of different
stoichiometries. Among these is II, which is the only
structure found to contain Hj[Fe(CN)s] anions. The 3D
network b is obtained from the 2D network a by additional
protonation of each anion which makes it both a donor and
an acceptor of three hydrogen bonds. The high degree of
protonation of the hexacyanoferrate in this structure may be
brought into connection with the fact it was derived from
one of the least basic pyridines used (pK,(2-Brpy) = 0.90).
However, this obviously cannot be the only reason, as an even
weaker base (o-chloropyridine, pK,(2-Clpy) = 0.49) yielded a
structure comprising of [Fe(CN)s]*” anions H;O" in ratio 1:2
(corresponding to only two protons per anion). The deciding
factor therefore seems to be the potential of the constituents

”bﬁée

####% Tt

Sigosinil

b)

A,

c d

Fig. 6 a) Types of hydrogen bonded networks. Type a: a 2D network
of hydrogen bonded H,[Fe(CN)el?™ anions, (in structures of IlI, IV and
VII); type b: quasi-cubic 3D network of hydrogen bonded Hs[Fe(CN)el™
anions (in 11); type c: 2D networks of hydrogen bonded H[Fe(CN)gl>
anions with bridging water molecules (V and VI); type d: 3D network of
[Fe(CN)gl*" anions bridged by HzO" cations (I); b) comparison of
hydrogen bonding patterns in type c hexacyanoferrate network (V) and
in type d hexacyanoferrate network (in 1). The oxonium hydrogen
atoms in d not involved in hydrogen bonding with the neighbouring
hexacyanoferrate anions bind to anions in another layer.
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to form clusters of cations and neutral molecules to
effectively fill the voids of hydrogen bonded (anionic)
networks. Although the hydrogen bonds responsible for the
formation of the networks are the strongest intermolecular
interactions in both cases, the formation of a given network
is not independent of the ‘guest’ clusters present within the
network. On the one hand, the ‘guest’ clusters are sufficiently
flexible to conform to the surrounding network, while, on the
other, the network itself will form so as to accommodate the
‘guest’ clusters. The most significant difference between 2-
Clpy and 2-Brpy is in their halogen bonding potential.
Indeed, both protonated and neutral 2-Brpy molecules in II
do form halogen bonds including the Br---Br contacts
responsible for formation of the [(2-Brpy)s(2-BrpyH),]>"
hexamers which fit the voids of the type b hexacyanoferrate
network, as well as those interconnecting these hexamers
with the network. The inability of 2-Clpy to form halogen
bonds prevents it from forming similar molecular clusters,
and therefore the structure of I is markedly different from
that of II. An additional argument for this is the fact that 2-
Brpy formed II almost instantly in reaction with H,[Fe(CN)s]
(indicating relatively low solubility of the product). 2-Clpy,
instead of forming an equivalent compound, yielded I only
after a long period of time - sufficient for some of 2-Clpy to
decompose into pyridine and form an entirely different type
of cationic clusters (discrete [2-Clpy---H:--py]" cations), which
could efficiently fill the voids of an entirely different 3D
hydrogen bonded network.

The 3D network d (in I) is closely related to the layered
network ¢ present in V and VI. The difference between the 2D
layers in V and VI, as compared to the 3D network in I, is
that in the 2D layers the hydrogen bonds between the chains
interconnect each chain only with two neighbours (leading to
a 2D network) while in the network d each chain is
interconnected through the bridging oxonium cations with
four neighbours, leading to a 3D network (Fig. 6b). Also, the
hydrogen bonds interconnecting the chains into the 3D
structure in I are O-H---N hydrogen bond similar in length
and angle to those within a chain, whereas in V and VI the
hydrogen bonds between the chains are substantially weaker
O-H---n bonds with the donor hydroxyl group orthogonal to
the acceptor cyanide. This again seems to indicate the effect
of the halogen bonding ability of the counterion - in V and
VI the cations bind to the anion network by bridging anions
from neighbouring chains through hydrogen and halogen
bonds, so that each anion is an acceptor of a pair of N-H--*N
hydrogen bonds and C-X:--N halogen bonds. The combined
hydrogen and halogen bonding of the cations on either side
of the 2D network thus isolates one network from its
neighbours and prevents formation of a 3D network such as
in I. This is also inferred by the structure of III - the only
o-halogenopyridine derivative to form a 2D hydrogen bonded
network of H,[Fe(CN)s]>~ anions. Using the strongest halogen
bond donor, both halogen and hydrogen bonding of the
cation to the hydrogen bonded anionic layer is achieved,
again insulating the layer form its neighbours and preventing

This journal is © The Royal Society of Chemistry 2020
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the formation of a 3D structure (in spite of the low basicity of
2-Ipy, which could be expected to favour the more protonated
H;[Fe(CN)s]” and therefore a 2D network similar to that in
).

The appearance of the type ¢ hydrogen bonded 2D
networks, with water molecules interpolated between the
H,[Fe(CN)e]*” anions, in the m-halogenopyridine series, could
also be brought into connection with the halogen bonding
proclivities of 3-BrpyH' and 3-IpyH'. In both cases the
protonated pyridine bridges cyano groups of neighbouring
H,[Fe(CN)e]*” anions, similarly as the protonated 2-Ipy does
in the structure of III. Unlike in III, however, where the
contact atoms on the cation (the N-H hydrogen and the
iodine) are in the ortho position leading to simple 2D
networks of hydrogen bonded H,[Fe(CN)¢]*~ anions (type a),
in V and VI the contact atoms of the cation are in the meta
position relative to one another. The result is an extension of
the hydrogen bonded network by interpolation of water
molecules between the anions, leading to an extension of the
distances between the anions (8.39 and 8.48 A in V; 8.41 and
8.56 A in VI, as opposed to 8.20 A in III). This effect of the
bridging m-halogenopyridinium on the hydrogen bonded
network is also corroborated by the structures of IV (where 3-
ClpyH' forms no halogen bonds at all) and VII (where the 4-
IpyH' cations form halogen and hydrogen bonds with anions
from different layers) which both exhibit type a hydrogen
bonded anion networks. The effect of 3-BrpyH" and 3-IpyH"
cations is therefore similar to that of (larger) cations which
form multipole hydrogen bonds with anions of the same
anionic network (e.g. 4,4"-bipyridinium dication), which have
also been found to cause intercalation of water molecules in
the anionic network.’

Experimental
Materials and synthesis

Halogenopyridines were purchased from Acros Organics
(2-chloropyridine, 2-bromopyridine, 2-iodopyridine,
3-chloropyridine),  Apollo  Scientific  (3-bromopyridine,
4-iodopyridine) and Manchester Scientific (3-iodopyridine).
The solvents were purchased from Sigma-Aldrich Company
and potassium hexacyanoferrate(II) trihydrate was purchased
from Kemika. All of the reagents and solvents were used as
received.

Hexacyanoferrous(I) acid was prepared as described in
the literature.*> 4.2 g of potassium hexacyanoferrate(II)
trihydrate was dissolved in 35 mL of water, then acidified
with 10 mL of concentrated hydrochloric acid. After cooling
to about 0 °C, 7 mL of diethyl ether was added to the mixture
to precipitate the acid. The precipitate was dissolved in 5 mL
of methanol and precipitated with another portion of diethyl
ether (7 mL). Yield: 1.4 g, 65.2%.

Compound 1. Diluted aqueous (3 mL) solution of
hexacyanoferrous(II) acid (110 mg, 0.51 mmol) was added to
the methanolic (5 mL) solution of 2-Clpy (150 pL, 1.59
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mmol). After one week, I was isolated as several yellow-green
crystals.

Compound II. Diluted aqueous (3 mL) solution of
hexacyanoferrous(II) acid (110 mg, 0.51 mmol) was added
dropwise to the methanolic (5 mL) solution of 2-Brpy (250
pL, 2.62 mmol). After one day, II was isolated as green
crystals. Yield: 258 mg, 27.3%.

Compound III. Diluted aqueous (2 mL) solution of
hexacyanoferrous(II) acid (110 mg, 0.51 mmol) was added
dropwise to the methanolic (5 mL) solution of 2-Ipy (150 pL,
1.41 mmol). After one day, III was isolated as yellow crystals.
Yield: 200 mg, 62.8%.

Compound IV. Diluted methanolic (2 mL) solution of
hexacyanoferrous(Il) acid (110 mg, 0.51 mmol) was added
dropwise to the methanolic (5 mL) solution of 3-Clpy (150 pL,
1.58 mmol). After 6 hours, IV was isolated as mixture of
yellow crystals and orange powder. Yield: 187 mg.

Compound V. Diluted aqueous (2 mL) solution of
hexacyanoferrous(II) acid (110 mg, 0.51 mmol) was added
dropwise to the methanolic (5 mL) solution of 3-Brpy (150
pL, 1.56 mmol). After one day, V was isolated as green
crystals. Yield: 167 mg, 57.6%.

Compound VI. Diluted ethanolic (4 mL) solution of
hexacyanoferrous(Il) acid (110 mg, 0.51 mmol) was added
dropwise to the ethanolic (2 mL) solution of 3-Ipy (250 mg,
1.22 mmol). After one day, VI was isolated as green crystals.
Yield: 217 mg, 64.3%.

Compound VII. Diluted methanolic (3 mL) solution of
hexacyanoferrous(II) acid (110 mg, 0.51 mmol) was added
dropwise to the methanolic (6 mL) solution of 4-Ipy (250 mg,
1.22 mmol) and refrigerated at approximately 4 °C. After two
weeks, VII was isolated as several orange crystals.

X-ray diffraction measurements

Single crystal X-ray diffraction experiments were performed
using an Oxford Diffraction Xcalibur Kappa CCD X-ray
diffractometer with graphite-monochromated MoKa (4 =
0.71073 A) radiation. The data sets were collected using the
e-scan mode over the 20—range up to 54°. Programs CrysAlis
CCD and CrysAlis RED were employed for data collection, cell
refinement, and data reduction.®*®> The structures were
solved by direct methods and refined using the SHELXS
(version 2013, Gottingen, Germany) and SHELXL programs
(version 2013, Géttingen, Germany), respectively.**®” The
structural refinement was performed on F> using all data.
The hydrogen atoms were placed in calculated positions and
treated as riding on their parent atoms [C-H = 0.93 A and
Uiso(H) = 1.2 Ueq(C); C-H = 0.97 A and Uigo(H) = 1.2 Ueq(C)].
All  calculations were performed using the WinGX
crystallographic suite of programs.®® The figures were
prepared using Mercury (version 4.3.1).%° Crystallographic
data of the prepared compounds are shown in Table S1 in
ESLi

Powder X-ray diffraction (XRPD) experiments on the
samples were performed on a PHILIPS PW 1840 X-ray
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diffractometer (Philips Analytical, Almelo, The Netherlands)
with CuKo, (1.54056 A) radiation at 40 mA and 40 kV. The
scattered intensities were measured with a scintillation
counter. The angular range was from 5° to 45° (26) with a
continuous step size of 0.02° and measuring a time of 0.5 s
per step. Data collection was performed using the program
package Philips X'Pert (version 1.3¢),”° and analysed in X'Pert
HighScore plus (version 2.2).°" Comparisons of the measured
and calculated diffractograms for cocrystals are shown in Fig.
S8-S14 in the ESLf

Thermal analysis

Thermogravimetric  (TG) and  differential  scanning
calorimetry (DSC) measurements were performed on a
Mettler-Toledo TGA/DSC 3+ module. Samples were placed in
70 uL alumina crucibles and heated from 25 to 600 °C, at a
rate of 10 °C min™" under nitrogen flow of 50 mL min™".

Data collection and analysis were performed using the
program package STARe software (version 15.00)°> TG and
DSC thermograms of the prepared compounds are shown in
Fig. S15-S18 in ESL}

Conclusion

The considerable variability in compositions and structures
of the obtained products makes the proposed control of the
crystal structures of hexacyanoferrates through halogen
bonding seem somewhat dubious.

As chloropyridines were not found to participate in
halogen bonding, the differences in structures (and
compositions) between the chloropyridine derivatives and
structures derived from bromo- and iodopyridines could be
ascribed to the effects of halogen bonding. In the (sterically
unfavourable) o-halogenopyridine series only the strongest
halogen bond donor - o-iodopyridine - formed a complex
with the expected C-X::N¢yano halogen bonds, while in the
m-halogenopyridine series, where the halogenopyridinium
donor geometry is more favourable, only the weakest donor
(m-chloropyridine) formed a structure without a halogen
bond between the cations and the hexacyanoferrate anions.
The two stronger halogen bond donors not only formed
isostructural V and VI in which halogen bonding was present,
but have also shown that the selection of the halogen bond
donor (stronger iodine vs. weaker bromine) can indeed
(although only in some cases) be used for fine-tuning the
geometry of hexacyanoferrate hydrogen bonded networks.
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§ 3. RASPRAVA

3.1. Kationi kao donori halogenske veze

Kao kationski donori halogenske veze do sada su proucavane dvije skupine spojeva:
halogenirani primarni aromatski amini®?-®® i halogenirani N-heterocikli i njihovi derivati.[66~7]
Halogenirani N-heterocikli (halogenpiridini i halogenimidazoli) logiCan su izbor za sintezu
kationskih donora halogenske veze zato §to se lako se mogu prevesti u katione bilo N-
protoniranjem bilo N-alkiliranjem, a osim toga zbog svoje rigidne strukture pruzaju moguénost

predvidljivosti 1 ugadanja geometrije halogenskih veza u kojima sudjeluju.

Tijekom zadnjih 20-ak godina protonirani i metilirani halogenpiridini proucavaju se kao
donori halogenske veze u sustavima gdje stvaraju veze s organskim (npr. saharinat® i
bromanilat®’) i anorganskim anionima (halogenidi,®®"® halogenmetalati,’*8* cijanometalati,®>-
87 jtd.). Kemijske vrste koje sadrze jodpiridinijeve ogranke uspjesno se koriste pri dizajnu
anionskih receptora®-2 i kao katalizatori pri ekstrakciji halogenidnih aniona.®®> U Ni(dmit);
(dmit = 1,3-ditiol-2-tion-4,5-ditiolat) solima, koje se proucavaju kao supramolekulski vodici,
N-alkilirani halogenpiridinijevi kationi koriste se kao protuioni upravo zbog njihove

mogucénosti ostvarivanja viSestrukih vodikovih i halogenskih veza $to se koristi kako bi se

ugodila vodljiva i magnetska svojstva ovih materijala.®*%’

lako postoji mnoStvo literaturnih zapisa o proucavanju i upotrebi halogenpiridinijevih
kationa, prije pocetka istrazivanja u okviru ove disertacije nisu postojala sustavna istrazivanja
koja bi evaluirala njihov potencijal kao donora halogenske veze te ih usporedila s klasi¢nim

neutralnim donorima kao §to su razni halogenirani perfluorirani ugljikovodici.

Upravo zbog gorenavedenog u okviru ove disertacije istraZivane su halogenidne soli
halogenpiridinijevih kationa kao kombinacija najjednostavnijih kationskih donora i anionskih
akceptora halogenske veze $to je polucilo 4 publikacije u kojima je evaluiran njihov potencijal

i svojstva kao donora halogenske veze i usporeden s klasi¢nim neutralnim donorima.

Luka Fotovi¢ Doktorska disertacija
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3.2. N-protonirani halogenpiridinijevi kationi kao donori halogenske i
vodikove veze u jodpiridinijevim halogenidima

Kako u zadnje vrijeme u podrucju supramolekulske kemije i kristalnog inzenjerstva, uz brojna
istrazivanja vodikove veze, raste interes i za proucavanjem halogenske veze tako se i
halogenidni anioni sve vise proucavaju kao akceptori halogenske veze. Usporede li se afiniteti
halogenidnih aniona prema sudjelovanju u vodikovoj odnosno halogenskoj vezi, moze se uociti
da u slucaju vodikove veze afinitet pada s porastom veli¢ine aniona (F~ > CI" > Br > 17) dok u
slucaju halogenske veze u literaturi postoji mnogo primjera ostavrenih halogenskih veza s
jodidnim anionom kao akceptorom, dok su s fluoridnim anionom vrlo rijetke (Slika 2).2
Navedeno upucuje na to da se afinitet halogenidnih aniona za halogensku vezu mijenja obrnuto
(I">Br > CI" > F) sto je u skladu s principom tvrdih i mekih kiselina i baza (eng. hard and
soft acid and base — HSAB)®9%9° _ s-gupljina donornog atoma halogena je meka Lewisova

kiselina pa ¢e preferirati vezanje najmekse baze medu halogenidima — jodidnog aniona. 36100:101

80

70 r g
. [ Vodikova veza

50 B Halogenska veza
40
30
20

Uéestalost /%%

CI- Br- I-

Slika 2. Ucestalost sudjelovanja halogenidnih aniona u halogenskim i vodikovim vezama

prema podacima iz kristalografske baze The Cambridge Structural Database (CSD).

3 Pretragom baze CSD7 na temelju motiva kokristala halogenidnih soli s perfluoriranim jodbenzenima nadeno
je 50 kristalnih struktura s jodidima, 30 s bromidima, 27 s kloridima i 0 s fluoridima.
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S druge pak strane postoje istrazivanja u kojima je pokazano da se energije halogenskih veza s
halogenidnim anionima mijenjaju na isti nac¢in kao i energije vodikovih veza, odnosno da
energija veza pada s porastom veli¢ine halogenida (F~ > CI” > Br- > I).292103 Mogu¢i razlog za
pojavu ovakva dva oprecna trenda je medusobna kompeticija halogena i vodika za vezanje
halogenidnih aniona. Jones i suradnici odredili su strukture 4-halogenpiridinijevih halogenida
(4-Kklorpridinijevog klorida, 4-brompiridinijevog bromida i 4-jodpiridinijevog jodida) u kojima
s porastom veli¢ine halogenidnog aniona vodikove veze postaju relativno duZe, dok halogenske
veze postaju relativno kraée.”> Berryman i suradnici odredili su konstante vezanja (u smjesi
CD3NO:2 i CDCI3) halogenida na (izostrukturne) anionske receptore koji u jednom slucaju vezu
halogenidni anion halogenskom vezom, a u drugom vodikovom vezom. Ustanovili su da
receptor koji je donor halogenske veze preferira vece halogene, dok receptor koji je donor
vodikove veze preferira manje halogene.®® Isti trend uoéili su Garcia i suradnici prilikom
izu¢avanja hidrata N,N-bis(4-jodbenzil)-4,4-bipiridinijevih halogenida u kojima su halogenske
veze bile relativno krac¢e s bromidom kao akceptorom, dok su vodikove veze bile relativno
krace s kloridnim anionom.'® Najnoviju sistemati¢nu studiju objavili su Bryce i suradnici koji
su kombinacijom difrakcijskih i NMR ekperimenata izucili 2- i 3-(jodetinil)-piridinijeve
halogenide u kojima su (jodetinil)-piridinijevi kationi istovremeno donori i vodikove i

halogenske veze.1%

S obzirom da postoji relativno malo literaturnih zapisa o proucavanju suodnosa i
kompeticije vodikove i halogenske veze pri vezanju halogenidnih aniona u sklopu ove
disertacije provedeno je istraZivanje na jo$ jednostavnijem sustavu — jodpiridinijevim

halogenidima. Ovo istrazivanje objavljeno je u redu I.

X \'
| X
NT N N7 |/
N

Shema 1. Jodpiridini koristeni za sintezu halogenidnih soli.

Kristalizacijskim eksperimentima tri monojodpiridina uspjesno je priredeno svih 9 jednostavnih

(1 : 1) jodpiridinijevih halogenida (klorida, bromida i jodida) u ¢ijim se strukturama kationi i
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anioni povezuju halogenskim vezama C—I---X™ i vodikovim vezama N—H---X". Prostorni
raspored kationa i aniona u strukturama priredenih soli prvenstveno ovisi 0 geometriji
jodpiridinijevog Kationa, preciznije o kutu izmedu kovalentnih veza kojima su na kation vezani

donor halogenske (C-I) i vodikove veze (N-H).

U slucaju 0-jodpiridina, sve tri halogenidne soli u svojim strukturama sadrze lance
sastavljene od alterniraju¢ih kationa i aniona povezanih halogenskim vezama C—I---X i
vodikovim vezama N—H---X". (Slika 3) Lanci se dalje povezuju kontaktima C—H---CI" i
C—H:--+1 u slojeve u slucaju o-jodpiridinijevog klorida, odnosno kontaktima C—H---X" u
trodimenzijske mreze u sluaju bromida i jodida. Halogenske veze C-1---X™ u o-
jodpiridinijevim halogenidima krace su od sume van der Waalsovih radijusa oko 17% 1 gotovo
linearne s vrijednostima kuteva oko 175°. U slucaju vodikovih veza N—H---X"~ uocen je
oc¢ekivani blagi pad u relativnom skracenju istih od oko 11% s Kloridnim anionom prema 8% s
jodidnim anionom. Osim S§to su relativna skra¢enja za vodikovu vezu manja nego za
halogensku, i kutevi o(N—H---X") su manje linerani takoder opadajuci od 173° u slu¢aju klorida

prema 165° u slucaju jodida.

a) j b) . .

Slika 3. Kationi i anioni povezani halogenskim i vodikovim vezama u lance u strukturi: a) 2-
IPyHCI; b) 2-1PyHBr; c) 2-1PyHI.
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Prilikom sinteze halogenidnih soli m-jodpiridina dobiveni su izostrukturni bromid i jodid koji
u strukturi sadrze centrosimetri¢ne ciklicke tetramere kationa i aniona povezanih halogenskim
vezama C—I---X™ (Slika 4). Halogenske veze opet su poprili¢no kratke i linearne (= 15,5% krace
su od sume van der Waalsovih radijusa, ¢(C—I---X") kutevi = 175°), dok su vodikove veze
N—-H---X" duZe i savijenije nego u slu¢aju 0-jodpiridinijevih halogenida (= 6% krace su od sume
van der Waalsovih radijusa, kutevi o(N—H---X") = 145°) §to je vrlo lijep pokazatelj kako su
geometrije vodikovih veza punu fleksibilnije od geometrije halogenskih veza. U strukturi m-
jodpiridinijevog klorida kationi i anioni nisu povezani u tetramere nego u lance sli¢ne onima u
strukturama o-jodpiridinijevih halogenida. Od ostalih m-jodpiridinijevih halogenida takoder se
razlikuju i po geometriji halogenskih i vodikovih veza; halogenska veza C—1---ClI” je savijenija
(@(C—I---CI") kutevi = 172°), a vodikova veza N—H:--CI" linearnija (@(N—H---CI") = 145°).
Zanimljivo je da se sinteza m-jodpiridinijevog klorida morala provoditi u apsolutno bezvodnim
uvjetima jer se u protivnom dobivao hidrat Zeljene soli vrlo slican literaturno poznatom

etanolnom solvatu iste soli.
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Slika 4. a) Kationi i anioni povezani halogenskim i vodikovim vezama u lance u strukturi 3-
IPyHCI; Kationi i anioni povezani halogenskim i vodikovim vezama u tetramere u strukturi b)
3-1PyHBr and c) 3-1PyHI.

Kao §to je ocekivano, sve tri halogenidne soli priredene iz p-jodpiridina sadze lance
alterniraju¢ih kationa i aniona povezanih vodikovim i halogenskim vezama (Slika 5). U slucaju
klorida i bromida lanci su poprili¢no ravni s kutom I---X"---H (kut izmedu halogenske veze
C—1---X" i vodikove veze N—H---X") od oko 160°, dok su u slu¢aju jodidne soli lanci savijeniji
sa zna¢ajno nizom vrijednosti istog kuta (¢(l---X"---H) = 126°). S druge pak strane, halogenske
veze C—1I---X™ u slucaju klorida i bromida su puno savijenije (= 167° u sluc¢aju klorida i 170° u

slu¢aju bromida), dok je veza C—1I---1" gotovo linearna (o(C—1--:1") = 176°).

Slika 5. Kationi i anioni povezani halogenskim i vodikovim vezama u lance u strukturi: a) 4-
IPyHCI; b) 4-1PyHBr; c) 4-1PyHI.

Uz opisane bezvodne soli, uspjesno su izolirana dva hidrata te jedna dvosol — o-jodpiridinijev
klorid jodid. Iako neoc¢ekivani nusprodukt, ova dvosol prvi je objavljeni primjer soli koja sadrzi
donor i vodikove i halogenske veze te dva razli¢ita halogenidna aniona. U ovoj vrlo zanimljivoj
strukturi o-jodpiridinijevi kationi povezuju se naizmjeni¢no s jodidnim i kloridnim anionima u

centrosimetri¢ne oktamere. Kationi se povezuju s jodidnim anionima isklju¢ivo halogenskim
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vezama C-I---1", dok se s kloridnim anionima povezuju isklju¢ivo vodikovim vezama
N-H---CI" (Slika 6). Anioni su takoder akceptori kontakata C—H---X~ kojima se oktameri

povezuju u slojeve.

Slika 6. Kationi i anioni povezani halogenskim i vodikovim vezama u oktamere u strukturi
(2-1PyH)2CII dvosoli.

Usporedbom vodikovih i halogenskih veza u svih 9 struktura jodpiridinijevih halogenida
utvrdeno je da su vodikove veze relativno krace od halogenskih veza (u odnosu na sumu vdW
radijusa atoma donora i akceptora). Srednje vrijednosti relativnih skra¢enja vodikovih veza
smanjuju se s porastom radijusa halogenidnog aniona (akceptora): 72% u slu¢aju klorida, 76%
u slu¢aju bromida 1 80% u slucaju jodida. Iako se u slu¢aju halogenskih veza s halogenidima
srednje vrijednosti relativnih skracenja (= 84,5%) ne mijenjaju s promjenom halogenida kao
akceptora, ¢ini se da ipak postoji trend da, kada se u strukturama kationi i anioni povezuju
relativno kra¢im vodikovim vezama, da se ujedno povezuju i relativno krac¢im halogenskim
vezama. Stovise, u sluaju o-jodpiridinijevih halogenida, graf medusobnog odnosa relativnih
duljina vodikovih i halogenskih veza je gotovo linearan pri ¢emu se vrijednosti relativnih

duljina za obje interakcije povecavaju s povecanjem radijusa halogenidnog aniona (Slika 7).
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Slika 7. Relativna skracenja halogenskih (R.S.(XB)) i vodikovih (R.S.(HB)) veza u
jodpiridinijevim halogenidima. Krugovi oznacavaju 2-1Py, trokuti 3-1Py i rombovi 4-1Py, pri

¢emu su zelenim simbolima oznaceni kloridi, smedima bromidi, a ljubi¢astima jodidi.

Iz navedenoga se Cini da halogenska veza takoder slijedi isti opéi trend kao i vodikova veza:
relativne duljine obaju interakcija povecavaju se s veli¢inom halogenidnog aniona kao
akceptora. Medutim, na vodikovu vezu viSe utjeCe veli¢ina halogenida (akceptora) nego na
halogensku vezu; u seriji 0-jodpiridina relativna duljina vodikove veze poveéava se za oko 5%
od klorida do jodida, dok se halogenska veza povecava za samo oko 1%. S druge strane, na
halogensku vezu (koja je relativno slaba u proucavanom nizu soli) viSe utjeCe kristalno

pakiranje.

Zanimljivo je usporediti ovaj rezultat sa zakljuccima nedavne studije kompeticije
halogenske i vodikove veze u razli¢itim otapalima.'® Ova studija je pokazala da je dobivanje
spojeva povezanih halogenskom vezom povoljnije u otapalima veée polarnosti jer je vodikova
veza osjetljivija na utjecaj otapala zbog jace solvatacije donora vodikove veze u usporedbi s
donorima halogenske veze. Isti u¢inak ima i manji halogen (s veCom gusto¢om naboja); manji

halogenid (CI") sudjelovati ¢e u ja¢im i halogenskim i vodikovim vezama od veceg halogenida

(npr. I).
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U sluéaju moguce kompeticije izmedu donora vodikove i halogenske veze za ostvarivanje
supramolekulskih interakcija s halogenidima kao akceptorima, laksi halogenidi (klorid, a
posebno fluorid) prvenstveno stvarati ¢e vodikove veze, dok ¢e tezi halogenidi (bromid, a
posebno jodid) preferirati sudjelovanje u halogenskim vezama, $to je i vjerojatan razlog za
razliku u osjetljivosti halogenskih i vodikovih veza na promjenu halogenidnog aniona kao
akceptora. Ovo je potvrdeno strukturom dvosoli u kojoj se kationi s kloridnim anionom

povezuju iskljucivo vodikovim vezama, a s jodidnim anionom iskljucivo halogenskim vezama.

Kako bi se navedeno testiralo na §iroj osnovi napravljena je analiza struktura pohranjenih u
kristalografskoj bazi podataka CSD*%". Analizirane su strukutre koje sadrze halogenidni anion
(klorid, bromid ili jodid), barem jedan jaki donor vodikove veze (skupina O—H ili N—H) i
kovalentno vezan jod (C—I ili N—TI) kao donor halogenske veze. Prva uoc€ljiva razlika je u udjelu
struktura u kojima je jedna od konkurentskih interakcija odsutna — dok je halogenska veza bila
odsutna u oko 20% sluc¢ajeva za svaki halogenid (23% za klorid, 20% za bromid 1 22% za jodid),
vodikova veza je izostala u samo 17% klorida, 27% bromida te ¢ak 58% jodida. Ovaj trend se

slaZe s tvrdnjom da je halogenska veza manje ovisna o halogenidu nego vodikova veza.

Kada se za sva tri halogenida graficki prikaze pojavnost struktura s razli¢itim brojem
halogenskih i vodikovih veza koje ostvaruju u istima (Slika 8), moze se vidjeti da je opca
raspodjela broja veza za klorid 1 bromid prili¢no slicna, dok je u slu¢aju jodida kao akceptora
ta distribucija nesto drugacija. U sva tri slucaja postoji velik broj struktura u kojima je halogenid
akceptor jedne halogenske i jedne vodikove veze. U slucaju pojave viSestrukih halogenskih i
vodikovih veza opet se uoCava gore spomenuti trend: mala je promjena u ucestalosti
pojavljivanja viSe (dvije ili viSe) halogenskih veza (29% za klorid, 33% za bromid i 50% za
jodid), dok se ucestalost veceg broja vodikovih veza dramaticno smanjuje od klorida (55%)

preko bromida (43%) do jodida (12%).
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Slika 8. Pojavnost (u %) broja vodikovih (N(HB)) i halogenskih (N(XB)) veza s halogenidnim
anionima u kristalnim strukturama gdje postoje donori i vodikovih veza (O—H ili N—H skupina)
i halogenskih veze (C—I) prema podacima iz baze CSD.

Kao §to se moze vidjeti na Slici 8, sva tri halogenida prvenstveno tvore mali broj jakih
vodikovih i/ili halogenskih veza, pri ¢emu ukupan broj interakcija rijetko prelazi Cetiri. S
obzirom da navedeno ukazuje na vrlo niske koordinacijske brojeve, za ocekivati je da
halogenidi takoder sudjeluju u drugim interakcijama, prvenstveno slabim vodikovim vezama
C—H:---X". Stoga je provedeno i detaljnije istrazivanje meduodnosa halogenskih veza C—1---X"
1 sveprisutnih vodikovih veza C—H---X". Kada se uzmu u obzir i vodikove veze C—H---X",
ukupni prosje¢ni koordinacijski broj (zbroj halogenskih, jakih vodikovih i slabih vodikovih
veza) je 6, dok se vec¢inom javljaju koordinacijski brojevi od 5 do 8 (s iznenadujuce velikim
brojem struktura koje sadrze oktakoordinirani klorid, slika 9). Kloridni anion uglavnom stvara
do dvije halogenske veze, a ostatak su jake i slabe vodikove veze. Postoje i strukture u kojima
kloridni anion djeluje kao akceptor 3 ili 4 halogenske veze. Osim dviju iznimaka, u tim
strukturama nema jakih vodikovih veza N—H---CI" i O—H---CI". Bromidni anion, kao i kloridni,
uglavnom stvara do dvije halogenske veze. U strukturama u kojima je bromidni anion akceptor
vise od dvije halogenske veze C—I---Br, nastaju samo slabe vodikove veze C—H---Br". Jodidni
anion ve¢inom tvori jednu halogensku vezu C—I-+-1" s istodobnim vodikovim vezama. Takoder
postoji znacajan broj struktura u kojima je jodidni anion akceptor dvije ili tri halogenske veze
C—I---I", te nekoliko primjera struktura u kojima se formira Cetiri, pet ili ¢ak Sest halogenskih

veza C—I---1I” uz istovremene vodikove veze C—H:--I
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Ukupni koordinacijski broj

Slika 9. Pojavnost totalnih koordinacijskih brojeva (kao akceptora halogenskih, jakih i slabih

vodikovih veza) halogenidnih aniona u kristalnim strukturama prema podacima iz baze CSD.

Sve u svemu, ovi rezultati u skladu su s ocekivanjima temeljenim na dosad provedenim
raCunalnim studijama i studijama u otopini koje pokazuju da afinitet prema halogenskoj vezi
opada s veli¢inom halogenidnog aniona kao akceptora, isto kao i u sluc¢aju vodikove veze. S
druge pak strane, ¢ini se da je efekt mnogo izrazeniji u slucaju vodikove nego u slucaju
halogenske veze, pri cemu se relativna duljina potonje povecava za samo oko 1% od klorida do
jodida. Ova razlika izmedu halogenske 1 vodikove veze s halogenidima u ¢vrstom stanju u
skladu je s prethodno opisanim u¢inkom otapala na stvaranje vodikove i halogenske veze. Manji
halogenidi (tj. oni s veCom gusto¢om naboja) su akceptori jacih halogenskih, ali i ja¢ih
vodikovih veza od vecih halogenida. Medutim, razlika u jakosti vodikovih veza biti ¢e znatna,
dok ¢e razlika u jakosti halogenskih veza biti mala ili ¢ak zanemariva. lako su halogenske veze
s ve¢im halogenidima slabije, iz analize baze CSD jasno se vidi da ¢e se halogenske veze u
puno ve¢em broju slucajeva ostvariti s ve¢im halogenidom, a jo§ jasnije u strukturi dvosoli (2-
IPyH)2CIl. U kontekstu ciljane priprave krutina, laksi halogenidi se bolje otapaju u proti¢nim
otapalima (zbog jacih vodikovih veza) i manja je vjerojatnost da ¢e dati produkte povezane
halogenskom vezom (objaSnjavajuéi prevlast soli i kokristala u kojima se ostvaruju halogenske
veze s jodidima nad onima u kojima se ostvaruju halogenske veze s bromidima i kloridima i
op¢enito odsutnost struktura u kojima postoji halogenska veza s fluoridima), kao i pojava
solvata ((3-1PyHCI), - H20 i (3-1PyHCI)4 - EtOH®%). Pojava solvata mozZe se izbje¢i koristenjem

aproti¢nih otapala (u ovom slu¢aju CH2Cl; za sintezu bezvodnog 3-1PyHCI).
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3.3. Utjecaj polozaja i naravi halogena halogenpiridinijevih kationa na
ostvarivanje i geometriju halogenskih veza u halogenpiridinijevim
jodidima

S obzirom da je u prethodnom radu (1) pokazano da u halogenidnim solima protoniranih
halogenpiridina uz jake vodikove veze mogu istovremeno postojati i halogenske veze s
halogenidnim anionima,’® u znanstvenom radu Il nastavlja se istrazivanje halogenpiridinijevih
kationa kao donora halogenske veze. U radu Il opisana je studija potencijala i ograni¢enja
halogenpiridinijevih kationa kao donora halogenske veze. U tu svrhu odabrani su
monohalogenirani derivati piridina (ortho-, meta- i para-; klor, brom i jod) kao neutralne

molekule, ali i N-protonirani i N-metilirani kationi.®

X
N NP2

N
2 -
N X N =

N

2-CIPy: X =l 3-CIPy: X=Cl  4-CIPy: X=Cl

2-BrPy: X =Br 3-BrPy: X=Br 4-BrPy: X=Br

2-Py: X =1 3-IPy: X =1 4-IPy: X = |
Shema 2. Halogenpiridini koriSteni za izucavanje utjecaja polozaja i naravi halogena
halogenpiridinijevin  kationa na ostvarivanje i geometriju halogenskih veza u

halogenpiridinijevim jodidima.

Kako bi se utvrdilo postoji li statisticki znacajan trend povecanja vjerojatnosti ostvarivanja
halogenskih veza s dodatkom pozitivnog naboja halogenpiridinskom prstenu prvo je provedena
analiza struktura (koje sadrze halogeni atom vezan na aromatski prsten N-heterocikla)
pohranjenih u bazi podataka CSD. Od ukupno 3112 struktura koje su zadovoljavale
gorenavedene uvijete, vecina su neutralne molekule, a 655 kationi izvedeni iz njih. Od toga 524
strukture sadrze N-protonirane katione, a samo 131 struktura sadrzi N-alkilirane katione. Za
neutralne halogenheterocikle pronadeno je da je u oko 33% struktura atom halogena u bliskom

kontaktu (kratéem od sume odgovaraju¢ih van der Waalsovih radijusa) s potencijalnim
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akceptorom halogenskih veza (bilo atomima dusika ili kisika, odnosno halogenidnim anionom),
Sto ukazuje na prisutnost halogenske veze. Oc¢ekivano, halogenske veze najrjede se javljaju u
strukturama s klorheterociklima (27%), zatim s bromheterociklima nesto cesc¢e (39%) i na kraju
u strukturama koje sadrze jodheterocikle halogenska veza javlja se s najveCom ucestalosé¢u
(70%). Dodavanje pozitivnog naboja (protoniranjem ili alkiliranjem heterociklickog dusikovog
atoma) dovodi do definitivnog povecanja ucestalosti ostvarivanja halogenskih veza koje se
povecalo na: 56% za katione izvedene iz klorheterocikala, 82% za katione izvedene iz
bromheterocikla i 89% za katione izvedene jodheterocikla. U slu¢aju kada se ista analiza
provede samo na strukturama koje sadrze monohalogenpiridine, uo€eno povecanje incidencije
halogenskih veza pri dodavanju pozitivnog naboja na halogenpiridinski prsten postaje jo$
izrazenije. U slucaju klorpiridina poveca se sa svega oko 7% na znacajnih 51%, u slucaju
brompiridina s 8% na ¢ak 87% 1 na kraju s oko 40% na 90% u slucaju jodpiridina. Povecanje
je nesto vece za 0-halogenpiridine (s 8% na 79%) nego za m-halogenpiridine (s 4% na 70%)
Sto je ocekivano kako zbog blizine atoma halogena protoniranom/alkiliranom atomu dusika,
tako i zbog rezonantnog ucinka. Sveukupno, rezultati analize baze CSD pokazuju da su atomi
halogena na neutralnom piridinskom prstenu prili¢no losi donori halogenskih veza (osim joda),
ali kada je piridinski prsten pozitivho nabijen, ucestalost sudjelovanja atoma halogena u

halogenskoj vezi drasti¢no se povecava.

U svrhu detaljnijeg istrazivanja halogenskih veza halogenpiridinijevih kationa odabrane su
jodidne soli. Jodidni anion logi¢an je izbor jer je utvrdeno da najpouzdanije formira halogenske
veze medu halogenidima,’® a 0sim toga je jednostavan sferni anion $to omogudéava izbjegavanje
sterickih 1 drugih problema koji mogu zakomplicirati cjelokupnu sliku supramolekulskih
interakcija u kristalu. Strukture (protoniranih) halogenpiridinijevih jodida opisane su u radu
Twamleyja’ i suradnika te u prethodnom radu u sklopu ove disertacije,”® dok su N-metilirani
halogenpiridinijevi jodidi sintetizirani i strukturno karakterizirani u okviru ove studije.'® Uz
usporedno proucavanje geometrije halogenskih veza u strukturama dviju serija kristalnih
¢vrstih tvari (N-protoniranih i N-metiliranih halogenpiridinijevih jodida), napravljene su i
kvantno-kemijski izra¢uni kako bi se detaljnije istrazili i objasnili temeljni razlozi uoc¢enog

ponasanja halogenpiridinijevih kationa u rijeSenim strukturama.

Iako nazalost nije bilo moguce izolirati i rijesiti strukture dva ¢lana N-metilirane serije
(izvedena od o-brompiridina i p-brompiridina), kristalne strukture preostalih sedam spojeva

dovoljne su da istaknu znacajne razlike od trendova uocenih u seriji protoniranih

Luka Fotovi¢ Doktorska disertacija



§ 3. Rasprava 18

halogenpiridinijevih jodida. lako u strukturama N-metiliranih halogenpiridinijevih jodida
postoje usmjerene i poprilicno kratke halogenske veze, odsutnost usmjeravajuceg utjecaja
vodikove veze dovodi do znatno manjih strukturnih sli¢nosti unutar N-metiliranih soli o-, m- i

p-halogenpiridina nego Sto je to slu¢aj u seriji N-protoniranih soli.

Najvece razlike medu analognim jodidima, [2-CIPyMe]l i [2-1PyMe]l. U strukturi [2-
IPyMe]l ionski parovi o-jodpiridinijevih kationa i jodidnih aniona povezuju se halogenskim
vezama C—I---1", a dalje se ionski parovi medusobno povezuju vodikovim vezama C—H--- |" u
spiralne lance (slika 2. b). Suprotno tome, struktura [2-CIPyMe]l je sloZena mreZa sastavljena
preko kontakata C—CI---1" 1 C—H---1" s Cetiri 0-klorpiridinijeva kationa i Cetiri jodidna aniona u
asimetri¢noj jedinici (Slika 10). Oni ne tvore jednostavne ionske parove povezane halogenskom
vezom kao §to je sluéaj u [2-1PyMe]l — samo dva aniona i tri kationa formiraju halogenske veze
(dva kationa se vezu na isti jodid), dok se preostali kation i1 anioni povezuju vodikovim vezama

C-H---I".

Slika 10. Halogenske veze i kratki kontakti C—H---1" u kristalnim strukturama N-metiliranih-2-
halogenpiridinijevih jodida: a) trodimenzijska mreza u [2-CIPyMe]l (pogled duz
kristalografske osi ¢) i b) dvodimenzijska mreza u [2-1PyMe]l (pogled duz kristalografske osi

a). (Duljine halogenskih veza navedene su u tablici 1.)
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U strukturama jodida dobivenih iz m-supstituiranih piridina ([3-1PyMe]l, [3-BrPyMe] i [3-
CIPyMe]l) halogenpiridinijevi kationi i jodidni anioni povezani su u lance halogenskim vezama
C—X---I" 1 vodikovim vezama C—H---I". lako nisu izostrukturni (razlikuju se po simetriji
prostorne grupe), [3-BrPyMe]l i [3-1PyMel]l su prili¢no sli¢ni u prostornom rasporedu kationa
i aniona. U obje strukture lanci su povezani u slojeve dodatnim kontaktima C—H---1" (slika 11.
b, ¢). Halogenske veze C—I---1" i C—Br:--I” krace su od odgovarajuc¢e sume van der Waalsovih
radijusa za oko 11%, odnosno 5%. U [3-CIPyMe]l lanci ionskih parova takoder su medusobno
povezani u slojeve putem vodikovih veza C—H---1" (Slika 11), medutim slojevi koji se ovdje
formiraju nisu ravni nego valoviti. Tako duZi (oko 1%) od sume odgovaraju¢ih van der

Waalsovih radijusa, kontakt C—CI---X" i dalje ima znacajan utjecaj na strukturni raspored, %

kao $to je slucaj u strukturi [3-CIPyMe]l.

a) /.

o

Slika 11. Kationi i anioni povezani halogenskim i vodikovim vezama u 2D mreze u strukturama
N-metiliranih-3-halogenpiridinijevih jodida: a) [3-CIPyMe]l (pogled duz kristalografske osi a);
b) [3-BrPyMel]l (pogled duz kristalografske osi ¢); ¢) [3-1PyMe]l (pogled duz kristalografske

osi a). Duljine halogenskih veza navedene su u tablici 1.
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U slucaju struktura izvedenih iz p-supstituiranih piridina, [4-1PyMe]l i [4-CIPyMel]l, kationi i
anioni povezani su halogenskim vezama C—X--:I" i vodikovim vezama C—H---I" u
centrosimetri¢ne ciklicke tetramere ([4-XPyMe]l)> (Slika 12). U obje strukture kontakti
C—X:-+1" su kra¢i od sume van der Waalsovih radijusa (oko 10% i 4%) 1 prili¢no linearni
((C—X:--1")= 170°). U vodikovim vezama C—H---1" u oba slucaja sudjeluju ekvivalentni atomi
vodika (ortho u odnosu na metilirani dusik), ali je prostorni raspored tetramera povezanih
vodikovim vezama C—H---I" sasvim drugaciji. U slu¢aju [4-IPyMe]l vodikova veza je gotovo
linearna (o(C—H---1") = 178°) §to uzrokuje da su dva piridinijeva prstena unutar tetramera
gotovo savrSeno koplanarna (ravnine aromatskih prstenova kationa posmaknute su za samo
0,12 A). Suprotno tome, u [4-CIPyMe]l kut C—H---I" je znatno niZi (oko 152°), a ravnine

aromatskih prstenova piridinijevih kationa su posmaknute za 2,18 A.

a)

Slika 12. Kationi i anioni povezani halogenskim i vodikovim vezama u tetramere u strukturama
N-metiliranih-4-halogenpiridinijevih jodida povezanih vodikovim vezama C-H---I" i. a)
kontaktima nt-7 u [4-CIPyMe]l; b) kontaktima anion-z u [4-1PyMe]l. Duljine halogenskih veza

navedene su u tablici 1.

Luka Fotovi¢ Doktorska disertacija



8§ 3. Rasprava 21

Duljine halogenskih veza koje tvore N-metilirani jodpiridinijevi kationi u veéini su struktura
usporedive s onima koje tvore njihovi protonirani analozi, a razlike izmedu relativnih skracenja
bilo koja dva analoga op¢éenito su manje od 0,5% (Tablica 1). Medutim, postoji znacajna razlika
izmedu protoniranih i metiliranih klorpiridinijevih jodida, pri ¢emu je kontakt C—Cl---1" u [4-
CIPyMell 3,8% kraci, a u [4-CIPyH]I 0,1% duZzi od sume odgovaraju¢ih van der Waalsovih

radijusa $to ukazuje da prisutnost jake vodikove veze N—H---I" ima jaéi utjecaj na produljenje

(slabije) halogenske veze C—Cl---1", dok je njezin ucinak na (ja¢u) halogensku vezu C—I---1~
zanemariv.
Tablica 1. Pregled halogenskin veza u jodidima protoniranin i N-metiliranih

halogenpiridinijevih kationa pri sobnoj temperaturi.

Protonirani —
halogenpiridinijevi dXB)/ RS hal(])\;el:ll;tilr;g?:ilj evi dXB)/ | R.S. (XB)
A (XB)/ % g A / %
jodidi
jodidi

3,496 6,3
[2-CIPyH]I 3,768 -0,1 [2-CIPyMe]l** 3,509 5,9
3,511 5,9

[2-BrPyH]I 3,575 5,9 / / /
[2-IPyH]I 3,467 12,4 [2-TPyMe]l 3,459 12,7
[3-CIPyH]I 3,739 -0,2 [3-CIPyMe]l 3,774 -1,2
[3-BrPyH]I 3,589 6,3 [3-BrPyMe]l 3,637 5,0
[3-IPyH]I 3,516 11,2 [3-IPyMe]l 3,538 10,7
[4-CIPyH]I 3,733 -0,1 [4-CIPyMe]l 3,587 3,8

[4-BrPyH]I 3,648 4,8 / / /
[4-1PyH]I 3,532 10,8 [4-1PyMe]l 3,552 10,3

[*] R.S. (XB)% = 100[1 — (d(X:--1) / (r(X) + r(1)]; r(X) i r(I") su van der Waalsovi radijusi

odgovarajucih iona i atoma.

[**] Mjereno pri 170 K.
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U usporedbi s halogenskim vezama izmedu “klasi¢nih” (neutralnih) donora halogenskih veza i
jodidnog aniona kao akceptora, moze se vidjeti da postoji vrlo mala razlika u duljini
halogenskih veza izmedu halogenskih veza formiranih s jodpiridinijevim kationima i
neutralnim perfluoriranim jodbenzenom kao donorima halogenskih veza. Prvi tvore halogenske
veze koje su u prosjeku 11,4% krace od sume odgovaraju¢ih van der Waalsovih radijusa, dok
druge tvore halogenske veze koje su u prosjeku 9,9% krac¢e od sume van der Waalsovih radijusa
(na temelju 19 kristalnih struktura kokristali jodida s neutralnim perfluoriranim jodbenzenima
odredenih na sobnoj temperaturi deponiranih u bazi CSD). U usporedbi s jo§ ja¢im neutralnim
donorom halogenske veze kao $to je N-jodsukcinimid, jodpiridinijevi kationi su ocigledno
manje pouzdani donori halogenske veze (u jedinoj do sada objavljenoj kristalnoj strukturi
kokristala N-jodsukcinimida i jodidnog aniona, halogenska veza je oko 21% kraca od sume

odgovarajuéih van der Waalsovih radijusa®!?).

Takoder je ustanovljeno da neutralni donori halogenske veze (fluorirani halogenbenzeni,
halogenalkini i1 halogenimidi) stvaraju krace veze s atomima duSika kao akceptorima u
usporedbi s kationima izvedenim iz halogenheterocikala. U slucaju kada je kisik akceptor
halogenske veze, duljine halogenskih veza koje formiraju brom- i jod-heterociklicki kationi
poprimaju priblizno iste srednje vrijednosti duljina halogenskih veza koje stvaraju perfluorirani
halogenbenzeni. Kao $to je ranije spomenuto, halogenske veze C—I---1" u protoniranim i N-
metiliranim jodpiridinijevim jodidima pokazuju najveée relativno skracivanje (R.S.(XB)) u
odnosu na sumu odgovarajuc¢ih van der Waalsovih radijusa (opcenito dvostruko vece nego za
halogenske veze C—Br---17). U usporedbi s vodikovim vezama prisutnim u sve tri strukture
protoniranih kationa, C—I---1" halogenske veze imaju neSto manje vrijednosti R.S. od vodikovih
veza N—H---1" (19,3% za N—H---1" u [2-1PyH]l, 11,5% u [3-1PyH]l i 14,5% u [4-1PyH]I), osim
u [3-1PyH]I, gdje su prakti¢ki ekvivalentni. Kao §to se i o¢ekivalo, aromatski atomi vodika u
[3-1PyMe]l i [4-1PyMe]l ostvaruju vodikove veze C—H:--I” kra¢e od sume odgovarajucih van
der Waalsovih radijusa. U metiliranoj seriji dodatne vodikove veze povezuju katione s jodidnim
anionima preko vodikovih atoma metilne skupine. Zanimljivo je da u [4-1PyMe]l jodidni anion
takoder sudjeluje u bliskom kontaktu s aromatskim ugljikovim atomom [4-1PyMe]* kationa.

Ovaj kontakt anion--7 (s odgovaraju¢om vrijednosti R.S.(XB) od oko 1%)*112

stoga se moze
klasificirati kao tetrelna interakcija n-Supljine atoma ugljika (pozitivne regije okomite u odnosu
na ravninu prstena) i jodidnog aniona. Slicni kontakti anion--m takoder su pronadeni u

kristalnim strukturama nekoliko N-alkil-3-halogenpiridinijevih halogenida.t*
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Moze se vidjeti da, iako su u svim proucavanim strukturama prisutne halogenske veze, samo
medu N-metil-3-brompiridinijevim i N-metil-3-jodpiridinijevim jodidima halogenska veza jest
dominantna interakcija. Kationi ne stupaju u interakcije s jodidima samo putem atoma halogena
(i grupe N—H u protoniranim analozima), ve¢ i ostvarivanjem prili¢no kratke vodikove veze
C—H---1", pa éak i C---I" tetrelne @ interakcije. Stovie, ¢ini se da su u klorpiridinijevim jodidima
ove 'slabe' interakcije dominantne. Moguci razlozi ovog fenomena mogu se razjasniti analizom
elektrostatskog potencijala (V) protoniranih i N-metiliranih piridinijevih kationa. | protoniranje
I N-metiliranje halogenpiridina o¢ekivano dovode do povecanja V o-Supljine atoma halogena
(Vmax(X)). To je najizrazenije kod o-halogenpiridina gdje se Vmax(X) povecava za oko 400—420
kJ mol? e, dok se u m- i p-halogenpiridinima poveéava za oko 320-350 kJ mol? e,
Protoniranje dovodi do nesto veéeg porasta Vmax(X) (10-20 kJ mol* &) na atomu halogena od
metilranja, $to je ocekivano buduci da u protoniranim piridinijevim kationima ima manje atoma
na koje se rasporeduje pozitivan naboj. Uz povecanje Vmax(X), uvodenje pozitivnog naboja u
halogenpiridinski prsten takoder dovodi do promjene u polarizaciji atoma halogena. Prikladna
mjera za polarizaciju atoma halogena jest razlika izmedu Vmax(X) i Vmin(X) — elektrostatski
potencijal atoma halogena u podru¢ju okomitom na o-Supljinu. Opcenito je utvrdeno da na
razliku Vmax(X) — Vmin(X) (AV(X)), polozaj atoma halogena nema znacajan utjecaj. U
neutralnim halogenpiridinima ona u prosjeku iznosi 80+2 kJ mol~! e za klor, 12242 kJ mol™
el zabromi 151+3 kJ mol* ! za jod. S druge pak strane, u kationima su i Vmax(X) i Vmin(X)
znatno pozitivniji. Na AV(X) polozaj atoma halogena opet gotovo da nema utjecaj, isto kao ni
nacin uvodenja pozitivnog naboja (protoniranjem ili N-metiliranjem), nego prvenstveno ovisi
o atomu halogena. Ako se usporede vrijednosti AV(X) na neutralnim halogenpiridinima s onima
u kationima, moze se vidjeti da je u slucaju sva tri klorpiridinijeva kationa vrijednost AV(X)
smanjena u prosjeku na 59+4 kJ mol?! e, za brompiridinijeve katione ostaje gotovo
nepromijenjena (122+7 kJ mol 1), dok se za jodpiridinijeve katione AV(X) poveéa na 164+6
k] mol? e?. Stoga se moze reé¢i da se uvodenjem pozitinog naboja u piridinski prsten
polarizacija klora smanjuje, polarizacija atoma broma se bitno ne mijenja, dok jod postaje vise

polariziran kada je piridin protoniran ili metiliran.

Ocekuje se da bi dramati¢no povecanje Vmax(X) takoder trebalo dovesti do jednako
dramati¢nog povecanja potencijala halogenpiridinijevih kationa kao donora halogenih veza.
Medutim, iako prema podacima iz baze CSD evidentno postoji povecanje incidencije

halogenskih veza u strukturama koje sadrZe halogenpiridinijeve katione (u usporedbi sa
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strukturama koje sadrze neutralne halogenpiridine), to povecanje nije tako dramati¢no u slucaju
klorpiridinijevih kationa. Vrijednost Vmax(X) na atomu halogena znatno je veca (390-435 kJ
mol™ &) nego na neutralnim donorima (npr. 175 kJ mol™ e u 1,4-diodotetrafluorbenzenu)
koji unato¢ tome imaju puno veéu incidenciju stvaranja halogenskih veza s potencijalnim
akceptorima prisutnim u Kristalnim strukturama. Najvjerojatniji razlog tome je raspodjela
pozitivnog naboja na halogenpiridinijevom kationu. Dodavanje protona ili metilne skupine na
piridinski dusik ne utjeCe samo na atom halogena — pozitivni naboj je rasporeden na cijeli
kation. Kako bi se testiralo kako to utjeCe na sklonost halogenpiridinijevih kationa k
ostvarivanju halogenskih veza, usporedene su vrijednosti Vmax(X) s vrijednostima V ostatka
molekule neutralnih halogenpiridina i halogenpiridinijevih kationa. Ako se usporedi Vmax(X) s
srednjom vrijednosti V na drugim nevodikovim atomima na neutralnim molekulama
halogenpiridina (tj. njthovim odgovaraju¢im n-Supljinama okomitim na ravninu prstena), moze
se vidjeti da je 5-Supljina na atomu halogena u svim slu¢ajevima najpozitivnije podrucje. To se
drasticno mijenja dodavanjem pozitivnhog naboja na piridinski prsten. Dodani naboj se
rasporeduje po cijelom piridinskom prstenu §to dovodi do povecanja V svih atoma kationa
(najizrazenije atoma dusSika i susjednih atoma ugljika i vodika). Kao rezultat toga, 6-Supljina
atoma halogena ne odgovara nuzno najpozitivnijoj regiji na kationu. Doista, samo u slucaju
jodpiridina i o-brompiridina vrijednost Vmax(X) je veca od srednje vrijednosti V atoma dusika i
ugljika u piridinskom prstenu. Medutim, ¢ak i u tim strukturama V na m-Supljinama atoma
dusika i ugljika je znacajan, a u strukturi [4-IPyMe]l dovodi do pojave kratkog kontakta
jodid---ugljik koji odgovara interakciji anion---m, pri ¢emu je vrijednost V m-Supljine atoma
ugljika (Vmax(C) = 436 kJ mol™* e1) samo nesto niza od one o-supljine atoma joda (Vmax(X) =
456 kI molte™).

Luka Fotovi¢ Doktorska disertacija



§ 3. Rasprava 25

a) 530 - b)
o]
A
o 160 o
T‘m 490 - ° -
o L
T - c
(s} A —
E e g 120 - ..Q
2 450 A * -
~ T -
~
o a0 E
] =
= ° a® =
= X w1
B 410 >
E
> < o
o
A QX
Ao
370 r : . 40 - -
20 60 100 140 40 80 120 160
Vmax(x)neutralni / k mol’l 671 Av(x}ﬂewirahi / kJ mol’l eil
c) d)
80 - 20 -
T $ 7 o) i
© L °
- 7 .
S e |
£ 40 B :
- 1 — -20 A g
4 =
< J s < }
15 4 5 ¢
- £ k
g o+ I 0 I
3 <o ] |
£ * £ B
I~ g A 1> 4 $ !
—_ —_ |
= 40 4 X -100 I
|
> s N I
A =
A
A A ¢ I
-80 . r Y -140 T T J
20 60 100 140 -100 -60 -20 20
v -1 -1 \/ -1 -1
(Vmax(x) - vmax(c))neutralni /klmol™ e (vmax(x) - Vmax(H))neutralni /kl mol™ e
O ortho- m klor- o
O protonirani
A meta- B brom-
o para- m jod- Bl metilirani

Slika 13. Promjene elektrostatskog potencijala na halogenpiridinima uslijed protonacije i N-
alkilacije: a) prikaz odnosa Vmax(X) halogenpiridinijevih kationa vs neutralnih halogenpiridina;
b) prikaz razlike izmedu Vmax(X) i Vmin(X) ((AV(X)) na kationima vs neutralnim
halogenpiridinima; c) prikaz razlike izmedu Vmax(X) i srednje vrijednosti V ugljikovih i
dusikovog atoma piridinskog prstena (Vmax(C)) na kationima vs neutralnim halogenpiridinima;
d) prikaz razlike izmedu Vmax(X) i srednje vrijednosti V vodikovih atoma piridinskog prstena
na kationima vs neutralnim halogenpiridinima. U c) i d) isprekidane linije prikazuju gdje su

vrijednosti varijabli jednake nuli.
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U svim kristalnim strukturama N-metil-halogenpiridinijevih jodida najprisutniji kontakti su
vodikove veze C—H---I". Ako se usporedi Vmax(X) sa srednjom vrijednosti V vodikovih atoma
piridinskog prstena (Vmax(H)), u neutralnim halogenpiridinima srednja vrijednost Vmax(H)
pozitivnija je od o-Supljine halogena (Vmax(X)) 0sim u m- i p-jodpiridinima. Kod kationa
Vmax(H) svih atoma vodika znacajno se povecava tako da gotovo svi vodikovi atomi piridinskog
prstena u m- i p-jodpiridinijevim kationima postaju pozitivniji od Vmax(I). Medutim, u oba 0-
jodpiridinijeva kationa vrijednost Vmax(I) se znacajno poveca pri cemu postaje pozitivnija od
vrijednosti Vmax(H) vodikovih atoma piridinskog prstena, s izuzetkom atoma vodika u ortho
polozaju u odnosu na piridinijev duSik. Naravno, u slucaju svih protoniranih
halogenpiridinijevih kationa, vodik koji se nalazi na atomu dusSika je daleko najpozitivniji atom
kationa (Vmax(H) u rasponu od oko 665-690 kJ mol™ e, sto prelazi Vmax(X) za oko 150-310
kJ mol 1, ovisno o kationu). Stoga je o¢ito da ¢e u slu¢aju protoniranih halogenpiridinijevih
kationa vodikova veza koju formira skupina N—H uvijek biti dominantna interakcija, dok se u
N-metiliranim kationima o¢ekuje kompeticija izmedu skupine C—H kao donora vodikove veze

1 skupine C—X kao donora halogenske veze, ¢ak 1 u slu¢aju jodpiridinijevih kationa.

Izracunate energije vezanja molekule piridina (akceptora neutralne halogene veze) na N-
metilirane halogenpiridine korelirane su s vrijednostima Vmax(X). Dobivene energije interakcija
prili¢no su znacajne: oko 34-40 kJ mol™! za klorpiridinij, 43-51 kJ mol™! za brompiridinij i 57—
68 kJ mol™! za jodpiridinijeve katione. lako apsolutne vrijednosti dobivenih energija mogu biti
pomalo nepouzdane, ipak ukazuju da energije vezivanja slijede isti op¢i trend kao i vrijednosti
Vmax(X) unutar svakog niza izomera — meta- i para- izomeri sudjeluju u vezama vrlo sli¢nih
energija, dok ortho izomer tvori vezu koja je 6-10 kJ mol™! jaga. Doista, energije veze za
klorpiridinijeve i brompiridinijeve katione gotovo linearno su ovisne o vrijednostima Vmax(X)
za slobodne katione (R? = 0,96), dok su energije veze za jodpiridinijeve katione nesto veée: iako
j& Vimax(Br) u slu¢aju 2-BrPyMe* kationa za oko 40 kJ mol™" e™! veé¢i od Vimax(l) na kationima
3-IPyMe™ i 4-1PyMe*, energija Br---N halogenske veze (koju stvara s molekulom piridina) je
za oko 6-7 kJ mol™! manja od energija I---N halogenskih veza koje formiraju 3-1PyMe* ili 4-
IPyMe* (Slika 14). Navedeno upucuje na zakljuéak da su Cl---N i Br---N halogenske veze (koje
stvaraju halogenpiridinijevi kationi) prvenstveno elektrostatske prirode, dok kod I--:N
halogenskih veza postoji znacajan udio prijenosa naboja. Prili€no visoke energije veze za sve
proucavane slucajeve pokazuju da svi halogenpiridinijevi kationi stvaraju prilicno jake

halogenske veze §to je u suprotnosti s ¢injenicom da klorpiridinijevi kationi vrlo rijetko
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sudjeluju u halogenskim vezama. Medutim, kako je pozitivni naboj rasporeden na cijelu
molekulu, $to dovodi do pojave brojnih lokalnih maksimuma Vmax(X), halogenska veza nastala
sa o-Supljinom klorpiridinijevog kationa nije nuzno najpovoljnija interakcija izmedu kationa i
molekule piridina. S druge strane, Cinjenica da klorpiridinijevi kationi sudjeluju u halogenskim
vezama u gotovo 50% kristalnih struktura (deponiranih u bazi CSD) jasno pokazuje da se
ponasanje atoma klora kao donora halogenske veze ne moze objasniti samo S vrijednosti
Vimax(X). Znacajnu ulogu moraju imati i drugi doprinosi kao §to je veli¢ina atoma halogena §to

olakSava pristup Lewisovoj bazi.
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Slika 14. Ovisnost Vmax(X) vrijednosti N-metiliranih halogenpiridina i energija halogenskih

veza izmedu (neutralne) molekule piridina i N-metiliranih halogenpiridinijevih kationa.
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3.4. Utjecaj duljine N-supstituiranog ugljikovodi¢nog lanca i raspodjele
naboja kationa na ostvarivanje halogenske veze u N-
alkilhalogenpiridinijevim halogenidima

Ranije u sklopu ove disertacije (u istrazivanjima objavljenim u znanstvenim radovima | i I1)
pokazano je kako N-protoniranje i N-metiliranje halogenpiridina (posebno jodpiridina)
znacajno povecava Vmax(X) ¢ineéi ih pritom dobrim donorima halogenskih veza. To je takoder
vidljivo i iz strukturnih podataka koji pokazuju da jodpiridinijevi kationi imaju tendenciju
stvaranja prili¢no kratkih halogenskih veza s anionskim akceptorima halogenskih veza kao Sto
su halogenidni anioni.’®® Stoga je u radu Il sitetizirana serija N-etil-3-halogenpiridinijevih
(Klor, brom i jod) jodida kako bi se ispitalo ima li poveéanje duljine alkilnog lanca (N-
supstituiranog na halogenpiridinijev kation) uc¢inak na sposobnost ostvarivanja halogenske veze
s halogenidnim anionima. Sintetizirane soli usporedene su s N-metiliranim analozima. Osim
toga, pokusana je sinteza halogenpiridinijevih kationa koji sadrze dva 3-jodpiridinijeva prstena
razdvojena alifatskom poveznicom (propil (Prop) i but-2-enil (Buen)). Ovakvi dikationi bili bi

potencijalni ditopi¢ni kationski donori halogenskih veza (Shema 1).

SERCRA GRS o K

[N,N*-Prop-(3-IPy),]?*

H c N,N'-Buen-(3-Py),]2*
2 “CH, [ Y)2)
[N-Et-3XPy]* | XN I . I
X =Cl Br, | | SN
H ) / |
—
[N-Propl-3XPy]*

[N-Buenl-3XPy]*

Shema 3. Kationski donori halogenske veze koriSteni za proucavanje utjecaja duljine N-
supstituiranog ugljikovodi¢nog lanca i raspodjele naboja kationa na ostvarivanje halogenske

veze u N-alkilhalogenpiridinijevim halogenidima.

Sva tri m-halogenpiridina (klor, brom i jod) uspjesno su N-etilirana koristenjem EtI pri ¢emu su
dobivene odgovarajuce jodidne soli. Kristalna struktura [ N-Et-3-CIPy]I sadrZi centrosimetri¢ne

ciklicke tetramere [N-Et-3-CIPy]2l2 u kojima su kationi [N-Et-3-CIPy]* i jodidni anioni

Luka Fotovi¢ Doktorska disertacija



§ 3. Rasprava 29

medusobno povezani vodikovim vezama C—H---I" (d(C---1) = 3,901 A i 3,876 A) (Slika 15a).
Tetrameri su povezani u slojeve preko vodikovih veza C—H-+-1~ (d(C--+1) = 3,866 A), a slojevi
se zatim slazu jedan na drugi. Atomi klora ne sudjeluju ni u kakvim znacajnim
supramolekularnim interakcijama. Analizom V mapiranog na Hirshfeldovu plohu (Slika 15b)
utvrdeno je da je V na Hirshfeldovoj plohi u podru&ju o-3upljine (Vmax(X) = 294 kl mol™! 1)
manje pozitivan od srednje vrijednosti V klorpiridinjevog kationa (389 kJ mol™! e%). S druge
strane, vrijednosti Vmax(H) na Hirshfeldovoj plohi u blizini atoma vodika (koji sudjeluju u
supramolekularnim interakcijama) odgovaraju najpozitivnijim podru¢jima kationa [N-Et-3-

CIPy]" (Vmax(H) = 601 kJ mol™! e71).

522 k) molte?

@

525 k) mol-e~!
601k mole 294 kJ mol-t e
Slika 15. a) Slojevi [N-Et-3-CIPy]* kationa i jodidnih aniona povezanih C—H---1~ vodikovim
vezama u strukturi [N-Et-3-CIPy]l; b) Hirshfeldova ploha [N-Et-3-CIPy]* kationa s mapiranim
V (izracinatim na razini teorije B3LYP-DGDZVP) i kontaktni jodidni anioni u strukturi [N-Et-
3-CIPy]I.
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Supstitucija klora na piridinskom prstenu s bromom dovodi do znacajne razlike u strukturnom
rasporedu kationa i aniona. Glavna razlika je prisutnost halogenske veze C—Br---1~ kraée za oko
6% od sume odgovaraju¢ih van der Waalsovih radijusa. Jedan metilenski atom vodika etilne
skupine sudjeluje u vodikovoj vezi C—H---1" s jodidnim anionom. Ova kombinacija halogenskih
i vodikovih veza povezuje brompiridinijeve katione i jodidne anione u spiralne lance koji se
protezu duz kristalografske osi b. Jodidni anioni takoder sudjeluju u kontaktima anion-m s

kationima iz susjednih lanaca, sto dovodi do stvaranja slojeva okomitih na os ¢ (Slika 16).

Slika 16. Kationi [N-Et-3-BrPy]* i jodidni anioni povezani u slojeve halogenskim vezama

C—Br--+1", vodikovim vezama C—H:--1" i kontaktima anion-x u strukturi [N-Et-3-BrPy]l.

U strukturi [N-Et-3-1Py]I kationi i anioni takoder Su povezani u lance (duz kristalografske osi
b) halogenskim vezama C—1I---1" kra¢im za oko 12% od zbroja odgovaraju¢ih van der Waalsovih
radijusa i vodikovim vezama C—H--:I". Lanci su medusobno povezani u slojeve vodikovim

vezama C—H:--1" u kojima je donor jedan od metilnih vodikovih atoma (Slika 17).
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Slika 17. Kationi [N-Et-3-1Py]* i jodidni anioni povezani u slojeve halogenskim vezama
C—I---I" i vodikovim vezama C—H---1" u strukturi [N-Et-3-1Py]I.

Duljina halogenih veza takoder se odrazava na termicka svojstva jodidnih soli N-etiliranih 3-
halogenpiridina. Analizom rezultata termicke analize ustanovljeno je da sva tri spoja imaju
dobro definirana taliSta nakon Cega slijede istovremeni raspad i isparavanje. Temperature pri
kojima se soli tale rastu od 110 °C za [N-Et-3-CIPy]l preko 116 °C za [N-Et-3-BrPy]l te do
konacnih 127 °C za [N-Et-3-1Py]I pokazujuci jasno povecanje taliSta s veli¢inom atoma donora
halogene veze, odnosno jakosti halogenske veze C—X:--1". Ako se usporede halogenske veze u
N-etiliranim 3-halogenpiridinijevim jodidima s onima u N-metiliranim 3-halogenpiridinijevim
jodidima, moze se vidjeti da u oba niza kationa izvedenih iz 3-brompiridina i 3-jodpiridina
postoje halogenske veze C—X:--I". Suprotno tome, u N-etil-3-klorpiridinijevom jodidu kationi
ne sudjeluju u halogenskoj vezi, dok u N-metil-3-klorpiridinijevom jodidu neki od simetrijski
neovisnih kationa sudjeluju u halogenskim vezama C—CI---1" s jodidnim anionom koje su dulje
od sume odgovarajuc¢ih van der Waalsovih radijusa. Usporedbom duljine halogenskih veza u
dva niza jodida vidi se da su halogenske veze C—Br---1" i C—I--:I" krace u N-etiliranim solima
od onih u N-metiliranim solima (Tablica 2). Vrijednosti V mapiranih na Hirshfeldovim plohama

kationa sli¢ne su kod 3-brompiridinijevih kationa, dok u sluc¢aju 3-jodpiridinijevih kationa, N-
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metilirani ima nes$to manju vrijednost Vmax(X) od N-etiliranog kationa. Sve u svemu, nema
znaajne razlike u halogenskim vezama izmedu N-etiliranih i N-metiliranih

halogenpiridinijevih kationa s jodidnim anionima.

Tablica 2. Pregled duljina halogenskih veza C—X---1" (d(XB)), relativnih skracenja (R.S. (XB))
i odgovarajucih vrijednosti V u podrucju o-supljine (Vmax(X)) u N-etiliranim and N-metiliranim

3-halogenpiridinima.

N-etilirani N-metilirani
Vmax(X) / kJ Vmax(X) / kJ
[0)
d(XB)/A R.S.(XB)/% molt e-! d(XB)/ A R.S. (XB) molt e-!
3-ClPy / / 294 3,776 -1,2 381
3-BrPy 3,611 57 449 3,637 5,0 452
3-1Py 3,473 12,3 570 3,538 10,7 554

U svrhu proSirivanja niza N-etiliranih jodpiridinijevih soli, pokuSana je sintetiza i N-etil-4-
jodpiridinijevog jodida iz 4-jodpiridina i etil-jodida. Unato¢ brojnim pokusajima sinteze, nije
izoliran zeljeni produkt nego mala koli¢ina (dva monokristala) ¢vrstog produkta koji je
identificiran kao 4-jodpiridinijev hemihidrojodid ((4-1Py)2HI). Vjerojatno je nastao reakcijom
4-1Py i tragovima jodovodi¢ne kiseline nastale hidrolizom etil-jodida s vodom apsorbiranom iz
zraka tijekom vremena. lako se u strukturi (4-1Py).HI polozaj vodikovog atoma vezanog na
piridinski duSikov atom nije mogao utvrditi iz diferentne mape eclektrnoske gustoce, iz
udaljenosti N---N (d(N---N) = 3,202(8) A) vidljivo je da je par 4-IPy molekula medusobno
povezan vodikovom vezom $to jasno ukazuje na da je atom vodika smjeSten izmedu atoma
dusika, odnosno da je par 4-1Py molekula medusobno povezan (vjerojatno simetri¢nom)
vodikovom vezom N---H--:N potpomognutom nabojem u [(4-1Py).H]" kompleks. Jodidni
anion sudjeluje u dvije halogenske veze C—I---1" s dva susjedna [(4-1Py).H]" kompleksa. Ova
kombinacija vodikovih 1 halogenskih veza tvori supramolekulske lance koji su medusobno
povezani u parove vodikovim vezama C—H---I" (Slika 18). Zanimljivo je primijetiti da ova
struktura, sli¢no kao i ranije opisana strukura dvosoli, predstavlja izvrsnu ilustraciju principa
HSAB% _ atom joda [(4-1Py).H]* kompleksa najmeksa je Lewisova kiselina i stoga se
preferencijalno veze s najmekSom Lewisovom bazom — jodidnim anionom. Suprotno tome,
proton je najtvrda Lewisova kiselina i stoga se preferencijalno veZe s najtvrdom dostupnom

Lewisovom bazom — piridinskim atomom dusika.
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Slika 18. Kompleksi [(4-1Py)2H]" i jodidni anioni povezani halogenskim vezama C—1I---1" i

vodikovim vezama C—H---1" u dvosturkim lancima u strukturi [(4-1Py)2H]I.

Takoder je pokusano sintetiziranje ditopi¢nih kationskih donora halogenske veze povezivanjem
para jodiranih piridinskih prstenova s razli¢itim ugljikovodi¢nim poveznicama koji bi se
ponasali sli¢no kao [(4-1Py)2H]* kompleks u strukutri 4-jodpirinijevog hemihidrojodida. U tu
svrhu odabran je 3-1Py (koji se pokazao pouzdanijim supstratom za N-alkilaciju od 4-1Py) kao
piridin te propilenski i (E)-buta-2-enilenski lanci kao poveznice piridinskih prstenova. Ove
poveznice odabrane su jer se ocekivalo da ¢e sinteza s potonjim rezultirati linearnim ditopi¢nim
donorom (zbog ogranicene rotacije oko C—C dvostruke veze), dok bi prvi rezultirao savijenim
kationom (s obzirom da je poveznica ugljikovodi¢ni lanac neparnim brojem ugljikovih atoma).
Reakcija 3-1Py s 1,3-dijodpropanom u omjeru 2:1, za koju se ocekivalo da ¢e dati savijeni
dikation, nije dala Zeljeni produkt. Umjesto toga dobiven je N-(3-jodpropan)-3-jodpiridinijev
jodid ([N-IProp-3-1Py]I) koji kristalizira u centrosimetri¢noj prostornoj grupi P2i/c s dva
kristalografski neovisna ionska para u asimetri¢noj jedinici. Ova struktura se sastoji od lanaca
naizmjeni¢nih kationa i aniona povezanih halogenskim vezama C—I---1" (Slika 19a). Unato¢
Cinjenici da je samo jedan atom joda 1,3-dijodpropana supstituiran s 3-1Py, dobiveni kationi
ipak su se ponasSali kao ditopi¢ni donori halogenske veze. Oba kationa vezu dva jodidna aniona,
jedan preko halogenske veze C—I---1” s atomom joda piridinskog prstena, a drugi halogenskom
vezom C—I--I” s atomom joda alkilnog lanca. Halogenske veze koje ukljucuju piridinski atom
joda kao donora halogenske veze su oko 10% i 12% kraé¢i od sume odgovaraju¢ih van der
Waalsovih radijusa. S druge pak strane, jedna od dvije halogenske veze koje ukljucuju alkilni
atom joda kao donor halogenske veze je tek oko 2% kraca, dok je druga ¢ak oko 2% dulja od
sume odgovaraju¢ih van der Waalsovih radijusa. Susjedni lanci su dalje medusobno povezani

mrezom C—H---I" i C—H---I kontakata u trodimenzijsku strukturu (Slika 19b).
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Slika 19. a) Lanci [N-1Prop-3-1Py]* kationa i jodidnih aniona povezanih halogenskim vezama
C—I:--1" u strukturi [N-IProp-3-1Py]I; b) Susjedni lanci dalje se povezuju kontaktima C—H:--1~

i C—H--I u trodimenzijsku strukturu.

Za razliku od 1,3-dijodpropana, (E)-1,4-dibrombuta-2-en reagirao je s 3-IPy u ocekivanom
omjeru 1:2 pri ¢emu je dobivema bromidna sol [N,N -Buen-(3-1Py):]** kationa (Slika 20a).
Ova sol takoder kristalizira u centrosimetri¢noj prostornoj grupi P2:/c s kationom na centru
inverzije. Kation veZe dva bromidna aniona halogenskim vezama C—I---Br~. Uz ovu halogensku
vezu, bromidni anion sudjeluje i u vodikovim vezama C—H---Br~ s aromatskim i metilenskim

atomima vodika Cetiri susjedna kationa (Slika 20Db).
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Slika 20. a) U strukturi [N,N"-Buen-(3-1Py).]Br; jedan kation [N,N-Buen-(3-1Py),]** povezan
je s dva bromidna aniona halogenskim vezama C—I---Br; b) Bromidni anion povezan je sa
susjednim kationima u tri dimenzije vodikovim vezama C—H---Br i halogenskim vezama
C-I---Br.

Kako bismo mogli bolje usporediti [N,N'-Buen-(3-1Py)2]*>* kation s drugim donorima
halogenske veze obuhva¢enim ovom studijom (koji su dobiveni kao jodidne soli), pokusana je
priprava njegove jodidne soli ionskom izmjenom. NaZalost, uslijed postupka ionske izmjene
kation se raspada te je umjesto o¢ekivanog produkta, dobiven [N-1Buen-(3-1Py)]l, jodidna sol
monokationa ekvivalentnog gore opisanom [N-IProp-3-1Py]" kationu. Za razliku od [N-I1Prop-
3-1Py]l, u [N-1Buen-(3-1Py)]I, kation nije ditopi¢ni donor halogenske veze. U ovoj strukturi
samo piridinski atomi joda sudjeluju u halogenskim vezama C—I---I" s jodidnim anionima.
Halogenske veze C—I--+1" su oko 14% i 10% krace od sume odgovarajuc¢ih van der Waalsovih
radijusa. Ta dva (simetrijski neovisna) ionska para povezana su u tetramere vodikovim vezama
C—H---I" preko metilenskih i aromatskih atoma vodika (ortho prema piridinskom dusiku).
Tetrameri su povezani u lance vodikovim vezama C—H---1" u kojima sudjeluju atomi vodika u

meta polozaju prema piridinskom atomu dusika (Slika 21).
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Slika 21. a) U strukturi [N-IBuen-(3-1Py)]l jodidni anioni i kationi [N-1Buen-(3-1Py)]*
povezani su halogenskim vezama C—I---1" i vodikovim vezama C—H---1" u ciklicke tetramere

[N- IBuen-(3-1Py)]l> koji se dalje povezuju u lance vodikovim vezama C—H---I".

Izostajanje halogenskih veza s alkilnim atomima joda kationa [N-1Buen-(3-1Py)]* kao
donorima halogenske veze, moZe se objasniti analizom raspodjele V mapiranog na Hirshfeldove
plohe kationa (Slika 22a). Pozitivni naboj uglavnom je lokaliziran oko piridinskog atoma dusika
1 njemu susjednih atoma (ugljika i vodika) te se Siri na piridinski prsten, ali ne i1 na alkilni lanac.
Kao rezultat toga, Vmax(l) znatno je nizi u u slu¢aju kada je atom jod vezan na alifatski lanac
nego kada je vezan na piridinski prsten. Posljedi¢no tome, alifatski atom joda puno je slabiji
donor halogenske veze. To se takoder moze vidjeti iz usporedbe duljine halogenskih veza
C—I---1" koje ukljucuju piridinski atom joda 1 alifatski atom joda kao donor halogenske veze u
[N-1Prop-3-1Py]l. Halogenske veze koje ukljucuju atome joda vezane na piridinski prsten
(Vmax(X) od 559 kI mol™! e! i 536 kJ mol! e!) krade su 10-14% od sume odgovaraju¢ih van
der Waalsovih radijusa, dok su one koje ukljucuju jod vezan na alifatski lanac u jednom slucaju
(Vmax(X) 0od 391 kI mol™! ') nesto krace, a u drugom (Vmax(X) od 310 kI mol™! ') ¢ak i duzi

od sume odgovaraju¢ih van der Waalsovih radijusa (Slika 22b).
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533 k) molte™

310 k) mol-te? 596 k) molte™?

263 k) molte™?
b)

310 k) molte™
536 k] mol-te!

559 kJ mole™

391 k) mol-te™?
Slika 22. Hirshfeldove plohe s mapiranim V (izra¢inatim na razini teorije B3LYP-DGDZVP)
za: a) kation [N-1Buen-(3-1Py)]" i b) kation [N-1Prop-(3-1Py)]".

Ako usporedimo halogenske veze Cpy—I---1" u [N-IProp-3-1Py]l i [N-IBuen-(3-1Py)]l, mozemo
vidjeti da kation [N-1Buen-(3-1Py)]" stvara nesto krace halogenske veze s jodidnim anionima
od kationa [N-I1Prop-(3-1Py)]*. Nadalje, iako su halogenske veze Cpy—I---1~ u [N-IProp-3-1Py]l
nesto duze od analogne halogenske veze u [N-Et-3-1Py]l, ¢ini se da postoji trend da Sto je duzi
ugljikovodi¢ni lanac N-supstituiran na jodpiridinski prsten to su krace halogenske veze
Cpy—I---I" u N-alkil-3-jodpiridinijevim jodidima (Slika 23). Vrijednosti V koje odgovaraju o-
Supljini joda (Vmax(l)) na piridinijevom prstenu (mapirane na Hirshfeldove plohe ova Cetiri
kationa) takoder prate isti trend, odnosno najpozitivnija 6-Supljina joda je u sluc¢aju kationa [N-

IBuen-(3-1Py)]*, dok je najmanje pozitivna u slu¢aju kationa [N-Me-3-1Py]".
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Broj ugljikovih atoma u N-supstituiranom lancu

Slika 23. Ovisnost broja atoma ugljika N-supstituiranog alkilnog lanca N-alkil-3-
iodpyridinijevih kationa i duljine halogenskih veza C—I---1".
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3.5. N-(4-halogenbenzil)-3-halogenpiridinijevi kationi — asimetri¢ni
ditopi¢ni donori halogenske veze

Istrazivanjima objavljenim u znanstvenim radovima I, Il i Il pokazano je kako su N-
protonirani i N-alkilirani halogenpiridini dobri donori halogenskih veza, pri ¢emu rezultati
objavljeni u radu 111 pokazuju da su i asimetri¢ni halogenpiridinijevi monokationi dobar sustav
za izu¢avanje kationskih donora halogenske veze. Stoga je u ovom radu® priredena, te
strukturno i termicki izucena serija N-(4-halogenbenzil)-3-halogenpiridinijevih halogenida.
Odabrani kationi potencijalni su donori dviju neekvivalentnih halogenskih veza — jedne s
donornim atomom halogena vezanim na piridinski prsten (na kojem se oéekuje lokalizacija
vecine pozitivnog naboja), 1 druge s donornim atomom halogena na benzilnom N-

supstituentu. 4

Kationi su pripravljeni reakcijom meta-halogenpiridina (Cl, Br i 1) s (4-halogenbenzil)
bromidima (Br i I) §to je dalo niz od Sest bromidnih soli N-(4-halogenbenzil)-3-
halogenpiridinijevih kationa. Jodidi i kloridi pripravljeni su iz bromida ionskom izmjenom
potencijalno dajuci ukupno 18 spojeva koji se razlikuju samo po jednom ili viSe atoma halogena
(Shema 3). Radi jednostavnosti, oni ¢e se u cijelom tekstu ozna¢avati kao X*X?X3, gdje je X*
halogeni supstituent na benzilnom prstenu, X? supstituent na piridinskom prstenu, a X3

halogenidni anion.

X X'=Br, |
N|+ X2=Cl, Br, |
ey X=CL B

Shema 4. Opca formula ionskog para N-(4-halogenbenzil)-3-halogenpiridinijevih kationa i
halogenidnog aniona povezanih halogenskom vezom. Na shemi su naznafene oznake tri

razlic¢ita atoma halogena koje se koriste dalje u tekstu.

b Ovaj znanstveni rad nalazi se u poglavlju Dodatak jer je prihvaéen za objavljivanje nakon odobrenja molbe za
pisanje ove disertacije po skandinavskom modelu.

Luka Fotovi¢ Doktorska disertacija



§ 3. Rasprava 40

Svi bromidi i jodidi kristaliziraju kao jednostavne 1:1 soli bez kristalizacijskih molekula
otapala. U slufaju kloridd, medutim, utvrdeno je da ishod sinteze ovisi o halogenom
supstituentu na piridinskom prstenu. Dva kationa izvedena iz 3-jodpiridina tako su dala
jednostavne kloridne soli ekvivalentne jodidima i bromidima, za razliku od kationa izvedenih
iz 3-brompiridina kada kloridi kristaliziraju kao hidrati (IBrCl - H20 i BrBrCl - 1,5H,0). Dvije
kloridne soli kationa dobivenih iz 3-klorpiridina nisu izolirane. Tako je od osamnaest moguéih

kombinacija X*X?X3 dobiveno ukupno 16 — 14 jednostavnih soli i dva hidrata.

Kako bi se procijenio potencijal atoma halogena na ovim kationima za stvaranje halogenskih
veza, provedeni su DFT izracuni elektrostatskih potencijala kationa u vakuumu. Rezultati su
pokazali da halogeni supstituenti na piridinskom prstenu u svim slu¢ajevima imaju pozitivnije
vrijednosti Vmax(X) u podrucju o-Supljina (Vmax) 0d benzilnog supstituenta: za atom halogena
vezan na piridinski prsten, vrijednosti Vmax(X?) opadaju od joda (oko 435 kJ mol * e) preko
broma (oko 400 kJ mol* &) do klora (oko 360 kJ mol™ e1) dok je u slu¢aju halogenih atoma
na benzilnom supstituentu Vmax(X*) oko 320 kI mol e* za jod i oko 290 kJ mol™* ! za brom
(Slika 24).

361 kJ mol-! ¢!
/ 321 kJ mol-' ¢!

360 kJ mol- e

292 kJ mol-' ¢!

\ \ 530 kJ mol-! e
BrCI* ICI*
401 kJ mol-! - 402 kJ mol-' e

291 kJ mol- e n / 323 kJ mol-' e /

BrBr* IBr*
436 kJ mol- ¢!
288 kJ mol-' ¢! 437 I‘&}mol" e 319 kJ mol e /
\ 165 kJ mol-' e~

Brl* I

Slika 24. V mapiran na 0.002 e A3 izoplohu elektornske gustoée za Sest kationa proucavanih u

ovom radu s prikazanim vrijednostima Vimax o-Supljina za X* i X? atome halogena.
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Stoga je ocito da se od atoma halogena na piridinskom prstenu oc¢ekuje da formiraju jace
halogenske veze, koje ¢e posljedi¢no tome imati dominantan doprinos u odredivanju svojstava
materijala. Navedeno je ilustrirano sintezom klorida — kako je od tri halogenidna aniona klorid
najbolji akceptor vodikove veze, samo najjaci donori halogenskih veza (jodpiridinijevi kationi)
mogu u potpunosti zamijeniti molekule vode koje solvatiraju kloridne anione u otopini. Slabiji
donori halogenskih veza (brompiridinijevi kationi) mogu zamijeniti samo dio vode u otapalu
pritom daju¢i hidrate u kojima je klorid istovremeno akceptor halogenskih i1 vodikovih veza.
Medutim, kada su prisutni samo najslabiji donori halogenih veza (klorpiridinijevi kationi),
klorid ostaje potpuno hidratiziran ¢ineci sol iznimno topljivom (i vjerojatno higroskopnom), Sto
objasnjava neuspjeh izoliranja kloridnih soli kationa izvedenih iz 3-klorpiridina kao ¢vrstih
produkata. Od 14 bezvodnih soli, 11 pripada jednoj izostrukturnoj seriji (tip 1), a preostale tri
drugoj (tip II). Prvi izostrukturni niz obuhvac¢a jodide svih 6 kationa i 5 bromida, dok drugi
obuhvaca dva klorida 1 preostali bromid (IIBr). Kristalne strukture obje serije sadrze lance u
kojima su kationi i anioni medusobno povezanim halogenskim vezama (Slika 25); svaki anion
akceptor je dviju halogenskih veza, jedne halogenske veze X2---(X%)~ s atomom halogena
piridinskog prstena, i druge halogenske veze X!---(X®)~ s atomom halogena benzilnog
supstituenta. Uz dvije halogenske veze, halogenidni anion takoder je akceptor nekoliko slabih
vodikovih veza C—H---(X®) s kationima koji pripadaju susjednim lancima. Ove interakcije

medusobno povezuju lance u tri dimenzije.
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4

Slika 25. Polozaj lanaca kationa i aniona povezanih halogenskom vezom u odnosu na jedini¢nu
¢eliju kod struktura tipa | (u Brll; a), b) i ¢)) i kod struktura tipa Il (u 11Cl; d), e) i f)). Pogled

duz: a), d) kristalografske osi C ; b), e) kristalografske osi a; c), f) kristalografske osi b.

Kako bi se kvantificirala sli¢nost struktura 11 izosturkturnih soli tipa I, izracunali smo indekse
sli¢nosti jedini¢nih ¢elija:
a8 = | (aatbatca)/(ast+bs+ce)-1 |,

(gdje su aa, ba i ca parametri jedini¢ne Celije strukture soli A, a ag , bg i Cg parametri jedini¢ne

¢elije strukture soli B) za svaki par struktura.
Uz indekse sli¢nosti jedini¢nih ¢elija izraunati su i izostrukturnosni indeksi:
1(A,B)= | [Z(ARag)¥/n]Y2 — 1| x 100%

(gdje je ARas modul razlike radij-vektora ekvivalentnih atoma u strukturama A i B, a n broj
usporedivanih atoma), takoder za svaki par struktura.!>° Za izradun I, u obzir su uzeti svi
atomi (osim vodika) jedini¢ne ¢elije (n = 56). Vrijednosti zas i Is(A,B) za 11 kristala koji

pripadaju strukturnom tipu | prikazane su u Tablici 3.
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Tablica 3. Indeksi sli¢nosti jedini¢nih ¢elija (zag) 1 izostrukturnosni indeksi (Is(A,B)) za 11
kristala koji pripadaju strukturnom tipu . Za izracun ls, u obzir su uzeti svi atomi (osim vodika)

jediniéne ¢elije (n = 56).

lzostrukturnosniindeksi (1)
m Bril | BrBrl | I1Brl | BrCll | BriBr | ICIl | IBrBr | BrBrBr | BrCIBr | ICIBr
] 73.2 | 724 | 71.2 | 689 68.2 614 59.6
Bril 75.0 | 69.1 | 78.3 | B4.5 | 67.5 70.4 61.7 57.4
BrBrl 2.0 70.4 76.1 76.4 73.7 69.9
(=)
=1 1B 64.9 755 | 723 | 713 | 70.8
| =4
g BrCh 2.5 60.0 71.4 70.1 72.9 70.3
L
M
% | BriBr | 2.9 2.0 56.0 | 73.4 | 78.7 | 66.2 | 61.5
g
- Ich 71.6 67.3 71.3 72.1
Z
L 1BrBr | 2.7
£
BrBrBr | 4.0 2.9 2.0 3.1 2.7
BrCIlBr | 4.6 3.5 2.6 3.7 2.1 1.3
ICIBr 3.3 2.3 2.5

Supstitucija CI/Br/I dovodi do vrlo znac¢ajnih razlika u svojstvima soli kao donora, odnosno
akceptora halogenske veze. U strukturama N-(4-halogenbenzil)-3-halogenpiridinijevih
halogenida kationi 1 anioni medusobno su povezani u lance dvjema neekvivalentnim
halogenskim vezama, ¢ija bi ja¢ina trebala rasti s pove¢anjem radijusa X* i X2 (1" je ogekivano
najbolji donor) i sa smanjenjem radijusa X3 (s CI" kao najboljim akceptorom). U slucaju
halogenske veze koja ukljucuje piridinski atom halogena kao donor (X?---(X®)"), postoji gotovo
savrieno linearna korelacija (R?> = 0,996) izmedu relativnih duljina halogenskih veza (drel =
d(X---(X3)) / [rvaw(X) + reyst((X®))]) i kuteva halogenskih veza. Oba geometrijska parametra
prvenstveno ovise o X2 (kutovi rastu od oko 156° za X2 = Cl, preko oko 161° za X? = Br do
oko 166° za X2 = 1, a relativne duljine od oko 96% za X? = CI, preko oko 90% za X2 = Br do
oko 85% za X? = I). Promjena akceptora ima mnogo manji utjecaj na kut halogenske veze, veze

koje ukljucuju bromid kao akceptor su nesto viSe savijene od onih koje ukljucuju jodid. (Slika
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26a). Priroda X2, s druge strane, gotovo da nema utjecaja ni na duljinu ni na kut halogenske
veze C—X2--(X3)", osim u seriji X'CIX3, gdje BrCII i BrCIBr tvore nesto krade i linearnije
halogenske veze X?---(X3)~ od njihovih odgovarajuéih 4-jodbenzilnih analoga (ICIl i ICIBr).

1° gy HIBr /°
@4 A © ¢2 IcIl Brl Br(;ll BrBrl
164 = ]
170 | “gric) »
Bl BrCIBr
a) b) ¢  BrBrBr
BriBr IcIBr® .
o5 | o 159 | g r YBrBr
Brll Re = 0.996 o Biter
162 BrBrl_|Brl 154
I licl
BrBrBr IBrBr A
149
138 Brc:lg"..BrCIBr
*ciBr BriCI
154 144 A
83% 87% 91% 95% 99% 89% 93% 7% 101%
drel (xz___(xg)—) drel (Xl"'(xa)_)

Slika 26. Korelacija relativnin duljina halogenskih veza (drei = d(X---(X3))/[rvaw(X) +
reryst((X®)") kuteva halogenskih veza (p) za halogenske veze s donornim atomom vezanim na:
a) piridinski prsten (C2—X2--(X®)") i b) benzilni prsten (C2—X!---(X3)"). Strukture tipa I

prikazane su kao puni simboli, a strukture tipa Il kao prazni simboli crnih rubova.

Halogenske veze koje ukljuéuju benzilni atom halogena (X*---(X%)") linearnije su (kutovi
halogenskih veza kre¢u se u rasponu od oko 159°-165°), ali relativno duze (drel U rasponu od
92-101%). Meduovisnost veznih kutova u odnosu na relativne duljine slijedi isti op¢i trend kao
u slucaju halogenske veze X?---(X%)", premda sa znatno veéim rasprienjem to¢aka na grafu
(Slika 26b) i izrazenijom ovisnodéu o X° i X2 Strukture s halogenom koji je jaci donor
halogenske veze (X! = I) opéenito su relativno kraée i linearnije veze od onih s (X! = Br).
Suprotno tome, strukture s ja¢im akceptorom (X3 = Br) opéenito su duZe i manje linearne od
onih s X3 = I. Takoder postoji znacajna ovisnost parametara halogenske veze X*---(X3) 0 X2 -
unutar svake skupine struktura koje se razlikuju samo po X?, relativna duljina raste, a kut se
smanjuje u nizu X? = C1< Br <. Sva ova opazanja, kao i (gotovo) savriena linearnost dijagrama
dret(X?---(X3) /g1, ukazuju da je halogenska veza X2 --(X3)~ dominantna interakcija u ovim
kristalnim strukturama. 1z toga proizlazi da su strukturne razlike unutar niza struktura tipa Il
prvenstveno diktirane halogenskom vezom X2---(X3®)", dok se geometrije halogenskih veza
X1...(X3) prilagodavaju promjenama kristalnog pakiranja s obzirom na razlike u halogenskim

vezama X2--(X3)". Tako su halogenske veze X?---(X®) s ja¢im akceptorom (bromidom) obi¢no
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kraée i linearnije od onih s jodidom, ali su X*---(X®)" duZe i manje linearne, jer unutar
X2.+-(X3)) - X! skupine ja¢i akceptor (bromid) vise privlaci ja¢i donor (X?) ¢ime se produljuje
i deformira halogenska veza X*---(X®)". Takoder, promjena X? utjede na geometriju halogenske
veze X1---(X3)~ koja postaje nepovoljnija kako ja¢ina donora halogenskih veza X2---(X%) raste,
dok je halogenska veza X2---(X3)~ opéenito neovisna o X*. Ova dominacija halogenske veze
X2.--(X3) takoder je u skladu s izra¢unatim vrijednostima Vmax(X) Koje su u svim sluéajevima
vece za halogen vezan na piridinski prsten nego za halogen vezan na benzilni prsten (Slika 24).
Medutim, treba napomenuti da je razlika u Vmax za X2 = Cl i X! = I relativno mala (oko 12%),
$to ukazuje da bi u slu¢aju kationa izvedenog iz klorpiridina halogenska veza Ipenzii--(X%)~
mogla donekle konkurirati halogenskoj vezi Clyirigin -+-(X®)". Cini se da to doista i jest slu¢aj
bududéi da u seriji X*CIX® parametri halogenske veze Clyirigin ++-(X%)~ oé&ito vise ovise o prirodi
X!, buduéi da su nesto duzi i manje linearni kada je X* = I, nego kada je X' = Br (u svakom

paru s identi¢nim X3).

S obzirom na njegovu veli¢inu, izostrukturni niz struktura tipa I idealan je sustav na kojem
se moZe istraziti postoji li jasan i mjerljiv u¢inak malih promjena u halogenskoj vezi na termicka
svojstva soli koje pripadaju tipu I. Kako je unutar izostrukturnog niza jedina znacajna razlika u
donorima 1 akceptorima halogenskih veza, moze se ocekivati da ¢e razlike u energijama
halogenskih veza u razli¢itim kristalima biti dominantan uzrok razlika u njihovim termickim
svojstvima. Termicka analiza (TG i DSC) soli tipa | pokazala je da 9 od 11 ovih soli
kontinuirano gubi masu (vidljivo u TG-u) u temperaturnom rasponu od 170 do 200 °C bez
prethodnih termickih promjena. DSC krivulje opéenito pokazuju dva endotermna signala koji
vjerojatno odgovaraju gotovo istovremenom taljenju i isparavanju. U slu¢aju dva spoja (III i
BrIBr) DSC krivulja je sloZenija, s dodatnim signalima na nizim temperaturama i takoder nesto
niZzim temperaturama taljenja/isparavanja (163 °C odnosno 169 °C). Budu¢i da se njithovo
toplinsko ponaSanje ocito razlikuje od ostalih ¢lanova serije, iskljuceni su iz daljnje analize
podataka. Postoji jasna linearna korelacija izmedu E(X%--X3) i entalpija isparavanja unutar
strukturatipa | (Slika 27a), $to je posebno vidljivo kada se usporeduju strukture koje se razlikuju
samo po X? (za Brll-BrBrI-BrCll niz, R? = 0,997). Razlike u entalpijama isparavanja izmedu
spojeva koji se razlikuju samo u X2 opéenito su sli¢ne odgovarajuéim razlikama u E(X%--X3).
Sto se ti¢e slabije halogenske veze (X*:--(X%)), ne postoji jasna korelacija izmedu entalpija
isparavanja i izraGunatih energija interakcije plinske faze E(X:--X3). Medutim, priroda X1

takoder neznatno utjeCe na entalpiju isparavanja. Budu¢i da unutar svakog para struktura
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BrX2X3 / 1X2X? analog 1X?X3 ima veéu entalpiju isparavanja (za 3,5-12,5 kJ mol™!), jasno je
da postoji mjerljiv doprinos halogenske veza X*---(X3)~ ukupnoj energiji pakiranja. Na entalpiju
isparavanja takoder znacajno utjeCe priroda halogenida (tj. akceptora halogenskih veza) — dok
slijede isti trend s obzirom na E(X?---X®), bromidi sustavno imaju veée entalpije isparavanja od
jodida. S obzirom da se to ne moZze objasniti razlikom u halogenskim vezama, najvjerojatniji
uzrok ove razlike u entalpijama isparavanja izmedu jodida i bromida lezi u razlici izmedu
energija vodikovih veza C—H---X". U svim strukturama anion, zajedno s halogenskim vezama
unutar lanca, takoder tvori vodikove veze C—H---X™ s kationima iz susjednih lanaca. Kako je
bromid jaci akceptor vodikove veze od jodida, potrebno je viSe energije da bi se prekinule
vodikove veze C—H---Br’, §to naposlijetku dovodi do viSih ukupnih vrijednosti entalpija
isparavanja. Za razliku od entalpija isparavanja kojima jasno dominira doprinos halogenskih
veza X%---(X3), temperature pri kojima zapog¢inje taljenje/isparavanje ne mijenjaju se u nekim
o¢itim trendom (Slika 27b). Za jaée halogenske veze X2---(X%)~ (s X? = Br, I), pocetne
temperature o¢ekivano rastu s E(X2--X3), opet s jodbenzilnim derivatima na nesto visim
temperature pri kojima zapoc¢inje taljenje/isparavanje od njihovih brombenzilnih analoga (za
6-7,5 °C). Medutim, u slu¢aju slabijih halogenskih veza X?---(X3)~ (s X* = CI) trend je suprotan
— temperature pri kojima podinje taljenje/isparavanje opadaju s E(X?---X%). Razlike u
temperaturama pri kojima zapo¢inje taljenje/isparavanje unutar parova BrX2X3 / IX?X3 takoder
su vece (za 7,5-17,5 °C). Potonje opazanje je u skladu s ve¢im doprinosom halogenske veze
XL..(X3)~ ukupnoj energiji pakiranja (zbog smanjenog doprinosa halogenske veze X2---(X3)"
zbog relativno nizeg Vmax(Cl) — vidi rasprava iznad). Medutim, nesto je teze objasniti povecanje
podetnih temperatura sa smanjenjem E(X%--X3) medu derivatima klorpiridina. Kako se
entalpije isparavanja pravilno mijenjaju s E(X?--X3), najvjerojatniji razlog razli¢itog trenda u
temperaturama pocetka taljenja/isparavanja je drugaciji trend entropije reSetke. Moze se
ocekivati da je unutar serije X*CIX® entropija resetke visa (zbog manjih ogranicenja gibanja u
slabije povezanim strukturama), te da raste sa smanjenjem E(X?:--X3). Kako entropija resetke
raste, promjena entropije nakon taljenja/isparavanja se smanjuje, $to bi moglo uzrokovati
povecanje temperature faznog prijelaza. Medutim, buduci da su u skladu s navedenom razlikom
samo Cetiri mjerenja, ne moze se iskljuciti moguénost da je rije¢ o prividnom trendu koji je

artefakt nasumicne distribucije.
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Slika 27. Korelacija ra¢unatih energija X?---(X3)~ halogenskih veza (radunate in vacuo za
geometrije pronadene u kristalnim strukturama, E(X2--(X%)")) i: a) entalpije isparavanja (AH),
b) temperature pri kojima zapocCinje taljenje/isparavanje (T) za strukture tipa I. Strukture
jodidnih soli prikazane su kao kvadrati, a bromidnih soli kao rombovi.
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3.6. Primjena halogenpiridinijevih kationa u kristalnom inZenjerstvu —
halogenpiridinijevi heksacijanoferati

Analozi Berlinskog modrila intenzivno se proucavaju tijekom posljednjih desetljeca jer se
pokazalo da imaju brojne potencijalne primjene kao elektrodni materijali,X?°12 molekulski
magneti,}?"~13 fotoosjetljive magnetske krutine,*3*1% molekulska sita,3®4! protuotrovi za
radioaktivne metale!*?-1%* te kao materijali za skladiStenje plinova.}*1%® Vegina strategija za
dizajniranje takvih materijala temelji se na svojstvu da su policijanometalati (npr.
heksacijanoferatni anioni) Lewisove baze te se stoga koriste kao premoscujuéi ligandi za
formiranje koordinacijskih mreza,*%183 ali i kao akceptori vodikovih veza.'®*172 Nedavno je
pokazano da se strategija dizajniranja derivata heksacijanoferata(Il) moze temeljiti na
djelomi¢no protoniranim heksacijanoferatnim(l1) anionima koji su ujedno i donori vodikovih
veza.!™® To u principu dovodi do formiranja lanaca ili mreza (dvo- i trodimenzijskih) aniona,
medusobno povezanih simetri¢nim vodikovim vezama [Fe—CN---H:--NC—Fe].1"417® Utvrdeno
je da su najée$éi strukturni motiv dvodimenzijske mreze Ho[Fe(CN)s]>~ aniona u kojima je
svaki anion i donor i akceptor po dvije vodikove veze [Fe—CN-:--H- --NC—Fe], pri cemu dva
preostala cijanidna liganda (ortogonalna u odnosu na mrezu) ostaju raspoloziva za stvaranje
vodikovih veza s kationima ili molekulama otapala. Kristalno pakiranje u takvim strukturama
prvenstveno je odredeno bazicnoS¢u koriStene baze, ali 1 sposobnos¢u kationa i1 molekula
otapala da tvore vodikove veze. Upravo zbog toga pokazalo se da je ciljana sinteza zeljenih
struktura ili stupnja protoniranosti heksacijanoferatih aniona neizvediva s obzirom da upotreba
sli¢nih Lewisovih baza (sli¢nog kemijskog sastava i bazi¢nosti) dovodi do produkata znacajno

razli¢ite strukture 1 stehiometrije.

Moguc¢a metoda za postizanje viSeg stupnja kontrole mogla bi biti koriStenje halogenpiridina
kao baza. Unutar svake serije halogenpiridina (o-, m-, p-), postoji vrlo mala varijabilnost bilo
pKa vrijednosti, molekulskog volumena ili molekulske geometrije, a jedina znacajna varijabla
koja se mijenja unutar serije je potencijal halogenpiridina za sudjelovanje u halogenskim
vezama. Buduci da su policijanometalati Lewisove baze (s neveznim elektronskim parovima
na cijanidnim skupinama) ocekuje se da su i potencijalni akceptori halogenskih veza §to 1 jest
slu¢aj u heksacijanoferatnim solima N-alkiliranih derivata halogenpiridina gdje su
heksacijanoferati protuioni halogenpiridinijevim kationima, a ujedno i donori halogenske
veze.®8 Stoga bi protonirani halogenpiridini takoder trebali formirati halogenske veze s

heksacijanoferatnim anionima pri ¢emu se o¢ekuje da ¢e nastati strukture koje se sastoje od
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mreza djelomi¢no protoniranih heksacijanoferatnih aniona povezanih vodikovim vezama

[Fe—CN---H---NC—Fe].

U ovoj studiji, koja je objavljena u radu 1V, istrazeno je moze li koriStenje (protoniranih)
halogenpiridina kao protuiona doista dovesti do viSeg stupnja kontrole strukture u
odgovaraju¢im heksacijanoferatnim solima s obzirom da je u radu | pokazano da mogu stvarati
i vodikove i halogenske veze s anionima. Istrazivanje je ukljucilo o- i m-halogenpiridine (Cl,

Bril), kao i p-jodpiridin, kako bi se utvrdio i u¢inak poloZaja i prirode atoma halogena.

B N “4- X
Il N N X |
¢ & | |
A < Z
NEC—I;e—CEN N7 X N\ | A
¢’ ¢
N 2-CIPy:X=Cl 3-CIPy:X=Cl N7
- N ~ 2-BrPy: X =Br 3-BrPy:X = Br
2-IPy: X =1 3-IPy: X =1 4-I1Py

Shema 5. Heksacijanoferatni(ll) anion i halogenpiridini kori$teni u ovom istrazivanju.

Tri o-halogenpiridina dala su tri izrazito razliCite heksacijanoferatne soli sa znacajnim
razlikama u strukturi, ali i u kemijskom sastavu. o-Klorpiridin u reakciji s
heksacijanozeljezovom(II) Kiselinom dao je dvosol koja se sastoji od potpuno deprotoniranih
aniona  [Fe(CN)s]*~ te piridinijevih i oksonijevin (HsO*) kationa — (2-
CIPy)2(PyH)2(H30)2([Fe(CN)6]*"). Heksacijanoferatni anioni i oksonijevi kationi povezani su
u trodimenzijsku mrezu vodikovim vezama pri ¢emu svaki oksonijev kation premos$cuje tri
heksacijanoferatna aniona, a svaki heksacijanoferatni anion veze Sest oksonijevih kationa.
Kanali u ovoj mrezi ispunjeni su kationima [2-CIPy---H---Py]", koji sadrze molekule 2-
klorpiridina i piridina medusobno povezane vodikovim vezama N---H---N (Slika 28).
Prisutnost nesupstituiranog piridina u strukturi priliéno je iznenadujuca buduéi da u reakcijsku
smjesu nije dodan piridin. Kako su kristali dobiveni tek nakon nekoliko tjedana, vjerojatno je
da se 2-CIPy djelomi¢no razgradio u prisutnosti heksacijanozeljezove(ll) kiseline tijekom pri
¢emu je nastao piridin. Atomi klora kationa [2-CIPy---H---Py]" ne stvaraju halogenske veze s

okolnim potencijalnim akceptorima, nego vrlo duge interhalogene kontakte (CI---Cl) tipa I.
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Slika 28. Kristalna struktura soli (2-CIPy)2(PyH)2(Hz0)2([Fe(CN)s]): a) kationi [2-
CIPy---H---Py]* ; b) par kationa [2-CIPy---H---Py]" koji ispunjavaju kanale u mrezi kationa
HsO" i aniona [Fe(CN)s]* povezanih vodikovim vezama.

Za razliku od 2-CIPy, heksacijanoferatna sol 2-BrPy ((2-Brpy)s(2-BrPyH)s(Hs[Fe(CN)s])s)
nastala je unutar nekoliko sati. U strukturi se nalazi kvazi-kubi¢na trodimenzijska mreza aniona
Hs[Fe(CN)s] povezanih vodikovim vezama, a Supljine u mrezi popunjavaju protonirane i
neutralne molekule 2-BrPy. lako je samo jedan protonirani 2-BrPy potreban kao protuion
svakom anionu, stvarni omjer kationa 2-BrPyH™ i aniona je 8:3. Polovica 2-BrPy medusobno
je povezana vodikovim vezama N---H---N u katione [2-BrPy---H---2-BrPy]", analogne
kationima [2-CIPy---H---Py]* u I. Na svaki od ovih kationa vezana je jo§ jedna molekula 2-
BrPy vodikovom vezaom C—-H---N (Slika 29). Preostale molekule 2-BrPy su u neredu, a
polovica simetrijski  ekvivalentnih molekula je protonirana. U  strukturi (2-
CIPy)2(PyH)2(H30)2([Fe(CN)e]) postoji vise (relativno dugih) halogenskih veza i
interhalogenih kontakata tipa II (Br:--Br) koji medusobno povezuju parove kationa [2-
BrPy---H---2-BrPy]" §to dovodi do stvaranja heksamera [(2-BrPy)s(2-BrPyH),]*".
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Slika 29. Kristalna struktura soli (2-Brpy)s(2-BrPyH)s(Hs[Fe(CN)e])s: a) molekule 2-BrPy,
kationi 2-BrPyH* i anioni Hs[Fe(CN)s]> povezani halogenskim i vokikovim vezama; b)
heksameri [(2-BrPy)4(2-BrPyH).]** povezani halogenskim i vodikovim vezama; c) heksameri
[(2-BrPy)4(2-BrPyH);]?* ispunjavaju Supljine u anionskoj mrezi nadinjenoj od aniona

Hs[Fe(CN)s] ™ povezanih vodikovim vezama.

Upotrebom jos jaéeg donora halogene veze — 2-1Py — dobivena je sol (2-1PyH)2(Hz2[Fe(CN)e])
u kojoj je prisutnost halogenske veze jo§ izrazenija (Slika 30a,b). Ovdje su anioni
H2[Fe(CN)s]*>~ povezani vodikovim vezama u slojeve. Svaki anion vodikovim vezama
N---H--*N veZe dva kationa 2-IPyH" u aksijalnim pozicijama $to postavlja jod kationa u
pogodan poloZaj da formira bifurkiranu halogensku vezu s dva cijanidna liganda susjednih
aniona. lako su te halogenske veze prilicno duge i (ocekivano) slabe, rezultiraju laganim

izobli¢enjem slojeva aniona Ho[Fe(CN)s]*".
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Koristenje m-halogenpiridina umjesto o0-halogenpiridina smanjuje stericke prepreke za
sudjelovanje halogenpiridinijevih kationa u halogenim vezama, odnosno olaksavanje stvaranje
halogenskih veza izmedu kationa i aniona. Konkretno, u sluc¢aju struktura u kojima anioni tvore
slojeve (kao $to je u (2-1PyH)2(H2[Fe(CN)s])), kationi bi mogli biti mostovi izmedu tih slojeva.
3-CIPy je u reakciji s heksacijanozeljezovom(Il)  kiselinom dao sol (3-
CIPyH)2(MeOH)(H2[Fe(CN)s]*") koja sadrzi anion H[Fe(CN)e]>~ povezane vodikovim
vezama u slojeve slicne onima u (2-1PyH)2(H2[Fe(CN)s]) (Slika 30c,d). U strukturi postoje dva
simetrijski neovisna aniona koji vodikovim vezama vezu po par kationa, jedan direktno a drugi
preko vodikovih veza s hidroksilnim skupinama molekula etanola koje premoscuju izmedu
kationa i aniona. Medutim, od dva neovisna kationa 3-CIPyH", niti jedan atom klora ne

sudjeluje ni u kakvim medumolekulskim kontaktima.

Slika 30. Kristalne strukture soli (2-1PyH)2(H2[Fe(CN)s]) i (3-CIPyH)2(MeOH)(H2[Fe(CN)e]):
a) Kationi i anioni povezani halogenskim i vodikovim vezama (2-1PyH)2(H2[Fe(CN)s]); b)
Mreza aniona Hz[Fe(CN)s]*> povezanih vodikovim vezama na koju su vodikovim i
halogenskom vezom vezani kationi 2-1PyH" in (2-1PyH)2(H2[Fe(CN)s]); ¢) Kationi 3-CIPyH™,
anioni  Hz[Fe(CN)s]> i molekule metanola povezane vodikovim vezama u (3-
CIPyH)2(H2[Fe(CN)g]); d) Kationi 3-CIPyH* i molekule MeOH povezane sa slojevima aniona
H2[Fe(CN)s]>~ u (3-CIPyH)2(Hz[Fe(CN)e]).
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3-BrPy i 3-IPy dali su par izostrukturnih hidrata, ((3-BrPyH)2(H20)2(H2[Fe(CN)e]) i (3-
IPyH)2(H20)2(H2[Fe(CN)s])) koji u strukturama  takoder (kao i (3-
CIPyH)2(MeOH)(H2[Fe(CN)s])) sadrze anione Ho[Fe(CN)s]*". Medutim, ovdje oni nisu
izravno povezani u slojeve nego se izmedu aniona nalaze molekule vode koje premoscéuju dva
aniona Hz[Fe(CN)e]*", pri ¢emu svaka molekula vode djeluje kao akceptor N—H---O i donor
O-H-*N vodikovih veza (slika 4a). Za razliku od kationa 3-CIPyH"™ u (3-
CIPyH)2(MeOH)(Hz[Fe(CN)s]), ovdje kationi stvaraju halogenske veze C—X:--N s okolnim
anionima. Medutim, oni medusobno ne povezuju slojeve, ve¢ dodatno povezuju anione unutar
slojeva: svaki se kation veze na dva aniona (Slika 31). 1zbor halogenpiridina u ovim strukturama
ima znacajan utjecaj na duljinu halogenskih veza pri ¢emu je kontakt I---N relativno kraéi
11,6%, a kontakt Br---N 7,2% (u odnosu na sumu odgovarajucih van der Waalsovih radijusa).
Razlika u jac¢ini halogenske veze takoder neznatno utjece na vodikovu vezu izmedu kationa 1
aniona, pri ¢emu je N—H---N vodikova veza duza u (3-1PyH)2(H20)2(H2[Fe(CN)s]) od one u
(3-BrPyH)2(H20)2(H2[Fe(CN)s]).

a)

Slika 31. Kiristalne  strukture  soli  (3-BrPyH)2(H20)2(Hz[Fe(CN)e]) i  (3-
IPyH)2(H20)2(H2[Fe(CN)s]): a) Mreza aniona Ho[Fe(CN)s]* i molekula vode s vodikovim i
halogenskim vezama povezanim kationima 3-BrPyH* u (3-BrPyH)2(H20)2(Hz[Fe(CN)g])
(identi¢no kao kationi 3-IPyH" u (3-1PyH)2(H20)2(H2[Fe(CN)s])); b) Halogenskim i

vodikovim  vezama  kationi 3-BrPyH" premo$fuju  anionske lance u  (3-
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BrPyH)2(H20)2(H2[Fe(CN)¢]); c¢) Halogenskim i vodikovim vezama kationi 3-1PyH*
premos$c¢uju anionske lance u (3-1PyH)2(H20)2(H2[Fe(CN)g]).

Kada je 4-1Py koristen kao baza, dobiven je metanolni solvat (4-1PyH)2(MeOH)(H2[Fe(CN)s])
(Slika 32). Slicno kao kod (2-1PyH)2(H2[Fe(CN)e]) 1 (3-CIPyH)2(MeOH)(H2[Fe(CN)e]),
struktura se sastoji od aniona Hz[Fe(CN)g]*>~ povezanih vodikovim vezama u slojeve. Cijanidni
ligandi, koji nisu ukljuceni u vodikove veze izmedu aniona, akceptori su vodikove veze
N-H:-"N s kationom 4-IPyH" i vodikove veze O—H--'N s molekulom metanola (otapala).
Ovdje atom joda kationa 4-1PyH" sudjeluje u halogenskoj vezi s cijanidnim ligandom koji
pripada susjednom anionskom sloju §to (4-1PyH)(MeOH)(H:[Fe(CN)s]) ¢ini jedinom
strukturom u kojoj su slojevi heksacijanoferatnih aniona (povezanih vodikovim vezama)

premosteni halogenskim vezama C—I---N pri ¢emu nastaje trodimenzijska mreza.

Slika 32. Kristalna struktura soli (4-1PyH)(MeOH)(H:[Fe(CN)e]): a) Halogenskim i
vodikovim vezama povezani kationi 4-1PyH*, anioni Hz[Fe(CN)s]*" i molekule metanola; b)
Mreza aniona Hz[Fe(CN)s]*™ na koju se halogenskim i vodikovim vezama vezu kationi 4-
IPyH*; ¢) Slojevi aniona Hz[Fe(CN)s]*>~ povezanih vodikovim vezama koji su premosteni

halogenskim vezama s kationima u trodimenzijsku struktru.
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Sedam dobivenih soli pokazuje znatno vecu strukturnu varijabilnost nego $to se ocekivalo samo
s obzirom na sli¢nost koriStenih halogenpiridina. Medutim, postoje neke pravilnosti koje su
vrijedne razmatranja. Heksacijanoferatne mreze koje se nalaze u strukturama moze se razvrstati
u Cetiri tipa (slika 33.). U tri strukture (2-1PyH)2(H2[Fe(CN)¢]), (3-
CIPyH)2(MeOH)(Hz[Fe(CN)s]i (4-1PyH)2(MeOH)(H2[Fe(CN)s])) nalazi se oplenito najcesci
motiv jednostavnih dvodimenzijskih mreza aniona H[Fe(CN)s]*>* povezanih vodikovim
vezama (oznaceno s € na slici 33). Drugi tip (oznac¢en ¢ na slici 33) su dvodimenzijske mreze u
kojima su vodikovim vezama povezani anioni Hz[Fe(CN)s]>~ i molekule vode prisutne u (3-
BrPyH)2(H20)2(Hz[Fe(CN)e]) 1 (3-1PyH)2(H20)2(H2[Fe(CN)e]). Preostale dvije strukture
sadrze trodimenzijske mreze izvedene iz odgovaraju¢ih dvodimenzijskih mreza:
pseudokubi¢nu mrezu aniona Ha[Fe(CN)s]™ u Il (b na slici 33) i trodimenzijsku mrezu aniona
[Fe(CN)6 ]* i oksonijevih kationa u (2-CIPy)2(PyH)2(Hs0)2([Fe(CN)s]) (d na slici 33). Najveca
strukturna raznolikost postignuta je medu derivatima o0-halogenpiridina gdje su tri
halogenpiridina dala produkte koji sadrZe razli¢ite strukturne tipove heksacijanoferatnih mreza,
ali 1 razlicite stehiometrije. Medu njima se nalazi jedina struktura koja sadrzi anione
Hs[Fe(CN)e] ™ (struktura (2-BrPy)s(2-BrPyH)s(Hz[Fe(CN)s])3). Trodimenzijska mreza tipa b
dobiva se iz dvodimenzijske mreZe a dodatnim protoniranjem svakog aniona ¢ime on postaje
donor i akceptor tri vodikove veze. Visok stupanj protonacije heksacijanoferata u ovoj strukturi
moze se dovesti u vezu s ¢injenicom da je ova sol dobivena s jednim od najmanje bazi¢nih
medu koristenim piridinima (pKa(2-BrPy) = 0,90). Medutim, to o¢ito ne moZe biti jedini razlog
s obzirom da je jo$ slabija baza (o-kloropiridin, pKa(2-CIPy) = 0,49) dala strukturu koja se
sastoji od aniona [Fe(CN)e]*" i kationa H3O" u omjeru 1:2. Izgleda da je odlucujuéi ¢imbenik u
odredivanju strukturnog tipa anionskih mreza ipak potencijal koformera da tvore komplekse
kationa 1 neutralnih molekula kako bi se $to ucinkovitije popunile praznine mreza. lako su
vodikove veze (odgovorne za formiranje mreza) najjace medumolekulske interakcije u oba
slucaja, formiranje mreze svakako ovisi o 'gostuju¢im' supramolekulski povezanim kationima
unutar mreze. S jedne strane, halogenpiridinijevi kationi dovoljno su fleksibilni da se prilagode
okolnoj mrezi, dok ¢e se s druge strane, mreza formirati tako da adekvatno prihvati kationske
komplekse. Najznacajnija razlika izmedu 2-CIPy i 2-BrPy je u njihovom potencijalu za
stvaranje halogenskih veza §to je i slucaj u strukturama (2-CIPy)2(PyH)2(Hz0)2([Fe(CN)e]) i
(2-Brpy)s(2-BrPyH)s(Hs[Fe(CN)e])s.
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Slika 33. a) Tipovi aninoskih mreza. Tip a: slojevi aniona Hz[Fe(CN)s]*>~ povezanih vodikovim
vezama, (u strukturama (2-1PyH)2(H2[Fe(CN)e]) i (3-CIPyH)2(MeOH)(H2[Fe(CN)e]) i (4-
IPyH)2(MeOH)(H2[Fe(CN)s])); Tip b: kvazi-kubi¢na trodimenzijskih mreza aniona
Hs[Fe(CN)s]~ povazanih vodikovim vezama (u (2-Brpy)s(2-BrPyH)s(Hs[Fe(CN)e])s); Tip c:
2D mreza sastavljena od aniona Hz[Fe(CN)s]*” premostenih molekulama vode (u (3-
BrPyH)2(H20)2(H2[Fe(CN)e]) i (3-1PyH)2(H20)2(H2[Fe(CN)s])); Tip d: trodimenzijska mreza
sastavljena od aniona  [Fe(CN)e]*~ premostenih  kationima HsO* (U (2-
CIPy)2(PyH)2(H30)2([Fe(CN)e])); b) Usporedba vodikovih veza u heksacijanoferatnim
mrezama tipa € (U (3-BrPyH)2(H20)2(Hz[Fe(CN)s])) 1 tipa d (u (2-
CIPy)2(PyH)2(H30)2([Fe(CN)s])).

U strukturi (2-Brpy)s(2-BrPyH)s(Hs[Fe(CN)s])s i protonirane i neutralne 2-BrPy molekule
stvaraju halogenske veze ukljucujuc¢i kontakte Br---Br s jedne strane odgovorne za stvaranje
heksamera [(2-BrPy)4(2-BrPyH);]?* koji ispunjavaju praznine heksacijanoferatnih mreza tipa
b, a s druge strane za povezivanje heksamera s anionskom mrezom. Odustnost halogenskih veza

s 2-CIPy prepreka je formiranju analognih heksamera. Osim toga, 2-BrPy formira (2-Brpy)s(2-
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BrPyH)s(Hs[Fe(CN)s])s gotovo trenutno u reakciji s Ha[Fe(CN)eg] (Sto ukazuje na relativno
nisku topljivost produkata), dok je 2-CIPy umjesto formiranja ekvivalentnog spoja, dao dvosol
2-CIPy)2(PyH)2(H30)2([Fe(CN)s]) tek nakon dugog vremenskog perioda pri ¢emu se dio 2-
CIPy stigao razgraditi na piridin. Posljedi¢no tome formira i potpuno drugaciji tip kationskih
kompleksa (diskretni kationi [2-CIPy:--H---Py]*) koji uéinkovito popunjavaju praznine u
potpuno drugacijim trodimenzijskim mreZzama heksacijanoferatnih aniona. Trodimenzijska
mreza tipa d (u 2-CIPy)2(PyH)2(H30)2([Fe(CN)s])) vrlo je slicna slojevitoj mrezi tipa ¢
prisutnoj u (3-BrPyH)2(H20)2(H2[Fe(CN)e]) i (3-1PyH)2(H20)2(H2[Fe(CN)s]). Razlika izmedu
slojeva u (3-BrPyH)2(H20)2(H2[Fe(CN)e]) i (3-1PyH)2(H20)2(H2[Fe(CN)s]), u usporedbi s
mrezom u 2-CIPy)2(PyH)2(H30)2([Fe(CN)e]), je u tome $to u slojevima vodikove veze izmedu
lanaca medusobno povezuju svaki lanac samo s dva susjeda ($to vodi do dvodimenzijske mreze)
dok je u mrezi tipa d svaki lanac medusobno povezan oksonijevim kationima s Cetiri susjeda
Sto dovodi do nastajanja trodimenzijske mreze (slika 6b). Takoder, vodikove veze koje
medusobno povezuju lance u trodimenzijsku strukturu u 2-CIPy)2(PyH)2(H30)2([Fe(CN)e]) su
vodikove veze O—H---N sli¢ne po duljini i kutu onima unutar lanca, dok su u strukturama (3-
BrPyH)2(H20)2(H2[Fe(CN)s]) 1 (3-1PyH)2(H20)2(H2[Fe(CN)e]) interakcije OH---n izmedu
lanaca znatno slabije. Cini se da to opet ukazuje na sposobnost protuiona da stvara halogenske
veze — U (3-BrPyH)2(H20)2(H2[Fe(CN)e]) i (3-1PyH)2(H20)2(H2[Fe(CN)e]) kationi se vezu na
anionsku mrezu premoscujuci susjedne lanace kombinacijom vodikovih 1 halogenskih veza pri
¢emu je svaki anion akceptor para vodikovih veza N—H:---N 1 jedne halogenske veze C—X:--N
Sto sprjeCava stvaranje trodimenzijske mreze kao Sto je slucaj u strukturi (2-
CIPy)2(PyH)2(H30)2([Fe(CN)e]). Koristenjem najjateg donora halogenske veze nastaju i
halogenske i vodikove veze izmedu kationa slojeva anionskih mreza, ponovno izolirajuci sloj

od susjednih ¢ime se sprjeCava stvaranje trodimenzijske strukture.

Pojava tipa c anionskih dvodimenzijskih mreza, s premos$¢uju¢im molekulama vode izmedu
aniona Hz[Fe(CN)s]?*", u nizu m-halogenpiridina takoder se moze dovesti u vezu sa sposobnosti
3-BrPyH" i 3-IPyH" da sudjeluju u halogenskim vezama. U oba slu¢aja protonirani piridin
premoséuje cijano skupine susjednih Hz2[Fe(CN)]*~ aniona, sli¢no kao $to to &ini protonirani
2-1Py u strukturi (2-1PyH)2(H2[Fe(CN)s]). Medutim, za razliku od (2-1PyH)2(Hz[Fe(CN)g]),
gdje su kontaktni atomi na kationu (N-H vodik i jod) u ortho poloZzaju ($to dovodi do
jednostavnih 2D mreza aniona H2[Fe(CN)s]*>~ povezanih vodikovim vezama — tip a), u (3-
BrPyH)2(H20)2(Hz[Fe(CN)e]) i (3-1PyH)2(H20)2(H2[Fe(CN)s]) kontaktni atomi kationa (N-H
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vodik i halogen) su u meta polozaju jedan prema drugome. Rezultat je proSirenje mreze
vodikovim vezama s molekulama vode izmedu aniona. Ovaj ucinak premoséivanja m-
halogenpiridinijevih kationa na anionske mreze heksacijanoferatnih aniona takoder je
potkrijepljen strukturama (3-CIPyH)2(MeOH)(H2[Fe(CN)s]) (gdje 3-CIPyH"™ uopée ne tvori
halogenske veze) i (4-1PyH)2(MeOH)(H2[Fe(CN)s]) (gdje kationi 4-IPyH" formiraju
halogenske i1 vodikove veze s anionima iz susjednih slojeva) koji oba sadrze anionske mreze
tipa a. Utjecaj kationa 3-BrPyH™ i 3-IPyH" je stoga sli¢an utjecaju (veéih) kationa koji tvore
visestruke vodikove veze s anionima iste anionske mreze (npr. 4,4'-bipiridinijev dikation), za
koje je takoder ustanovljeno da uzrokuju umetanje molekula vode u anionske mreze

heksacijanoferatnih aniona.

Zbog velike varijabilnosti sastava i strukturnog rasporeda kationa i aniona u dobivenim
solima izgleda da je predloZzena kontrola strukture heksacijanoferatnih mreza halogenskim
vezama upitna. S obzirom da klorpiridinijevi kationi ne sudjeluju u halogenskim vezama,
razlike u strukturama (i sastavima) izmedu heksacijanoferatnih soli klorpiridina brom- i
jodpiridina mogu se pripisati nastalim halogenskim vezama. U (stericki nepovoljnom) nizu 0-
halogenpiridina samo je najjac¢i donor halogenskih veza — o-jodpiridin formirao kompleks u
kojem postoje ocekivane C—X:--Ngjano halogenske veze. S druge strane, u nizu m-
halogenpiridina, (kod kojih je geometrija donora povoljnija) samo najslabiji donor halogenske
veze (m-klorpiridin) nije formirao halogenske veze s heksacijanoferatnim anionima. Dva jaca
donora halogenskih veza (m-brompiridin i m-jodpiridin) ne samo da su formirali izostrukturne
soli (3-BrPyH)2(H20)2(H2[Fe(CN)s]) i (3-1PyH)2(H20)2(H2[Fe(CN)e]) u kojima su prisutne
C—X:+-Ncijano halogenske veze, ve¢ su i pokazali da se odabir donora halogenih veza (ja¢i jod
naspram slabijeg broma) doista moze (iako samo u nekim slucajevima) koristi se za ugadanje

geometrije heksacijanoferatnih mreza.
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§4. ZAKLJUCAK

Ovo istrazivanje halogenpiridinijevih kationa kao donora halogenske veze temelji se na 4
znanstvena rada od kojih svaki donosi vrijedne rezultate i zakljucke za istrazivanje halogenskih
veza. Istrazivanja objavljena u radovima I, Il, 111, IV medusobno se nadovezuju jedno na
drugo, a dobiveni rezultati se nadopunjuju i omogucuju postizanje Sirith zakljuCaka o
halogenpiridinijevim kationima kao donorima halogenske veze. U cjelovitom istrazivanju
ukupno je pripravljeno te strukturno, termicki i1 spektroskopski okarakterizirano 49 novih soli
protoniranih i N-alkiliranih halogenpiridina (2-CIPy, 2-BrPy, 2-1Py, 3-CIPy, 3-BrPy, 3-I1Py,
4-CIPy i 4-1Py) koje su objavljene u okviru pet publikacija. Ustanovljeno je da je uvodenje
razli¢itih (alifatskih) supstituenata na piridinski duSikov atom halogenpiridina (osobito meta
izomera) pouzdana metoda za sintezu cijele klase kationskih donora halogenske veze.
Analizom kristalnih struktura jodpiridinijevih halogenida utvrdeno je da afinitet prema
halogenskoj vezi opada s veli¢inom halogenidnog aniona kao akceptora, odnosno slijedi isti
trend kao i u slu¢aju vodikove veze. Medutim, afinitet U slu¢aju vodikove veze mijenja se puno
vise nego u slucaju halogenske veze. Relativna duljina potonje povecava za samo oko 1% od
klorida do jodida s$to dovodi do zakljucka da ¢e razlika u jakosti vodikovih veza biti znatna,
dok ¢e razlika u jakosti halogenskih veza biti mala ili ¢ak zanemariva. Sve u svemu, iako su
halogenske veze s ve¢im halogenidima slabije, iz statisticke analize podataka dobivenih
pretragom baze CSD i kristalne strukture dvosoli (2-1PyH)2CIl jasno se vidi da ¢e atomi
halogena preferirati ostvarivanje halogenske veze s ve¢im halogenidom kao akceptorom. Stoga
se moze zakljuCiti da unato¢ tome Sto je medu halogenidima jodid najslabiji akceptor
halogenske veze, Cinjenica da je jo$ slabiji donor vodikove veze, €ini ga najpouzdanijim
gradevnim blokom (od svih halogenidnih aniona) za sintezu struktura povezanih halogenskom
vezom.

Dalje je analizom raspodjele naboja na halogenpiridinijevim kationima utvrdeno da i
protoniranje i N-metiliranje halogenpiridina dovode do znacajnog povecanja elektrostatskog
potencijala o-3upljine halogena (Vmax(X)), ali i da o-Supljina halogena opcenito nije
najpozitivniji dio povriine kationa. Cak i medu jodpiridinijevim kationima, samo u onima koji
su izvedeni iz 2-1Py, Vmax(l) pozitivniji je od potencijala ve¢ine vodikovih atoma, $to dovodi

do toga da oni tvore najkrace halogenske veze C—I--:I" medu protoniranim i metiliranim
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halogenpiridinijevim jodidima. Takoder je utvrdeno da u cak 90% sluCajeva (struktura
deponiranih u bazi CSD) jod- ili brompiridinijevi kationi tvore halogenske veze pa je vjerojatno
da je niza vrijednost Vmax(X) kompenzirana veli¢inom atoma halogena S§to s jedne strane
omogucava jednostavniji i blizi pristup Lewisovoj bazi (s manje sterickih smetnji pri prilasku
Lewisove baze o-Supljini atoma halogena nego atoma vodika piridinskog prstena), a s druge
strane veca je | potencijalna kontaktna povrSina izmedu kontaktnih atoma. To, medutim, ne
iskljucuje uspostavljanje kompetitivnih interakcija, $to i jest sluc¢aj u opisanim strukturama
jodida u kojima postoje brojni kratki kontakti C—H---1" i interakcije anion---w izmedu kationd i
jodidnih aniona. Medutim, iako dodavanje pozitivnog naboja na halogenpiridinski prsten tvori
brojna potencijalna vezna mjesta za Lewisove baze, u brompiridinijevim, a posebno
jodpiridinijevim kationima, vjerojatno je da ¢e doé¢i do supramolekulskih kontakata akceptora
halogenske veze 1 atoma halogena halogenpiridinijevog kationa. To ¢ini halogenpiridinijeve
katione (jodpiridinijeve posebno) prilicno pouzdanim donorima halogenskih veza, te na taj
nacin opravdava njihovu upotrebu u dizajnu i sintezi supramolekulskih struktura povezanih
halogenskom vezom.

Usporedbom halogenskih veza u strukturama N-alkil-3-jodpiridinijevih jodida utvdeno je
da postoji trend da $to je duzi ugljikovodiéni lanac supstiturian na dusikov atom jodpiridinskog
prstena to su krate halogenske veze Cpy—I---I". Halogenidne soli vec¢ih N-alkiliranih
halogenpiridinijevih kationa (N-(4-halogenbenzil)-3-halogenpiridinijevih halogenida) pokazale
su se izvrsnim sustavom za proucavanje izostrukturne izmjene halogena, a pri tome i utjecaja
razlika u halogenskoj vezi kako na kristalnu strukturu tako i na svojstva ovih materijala.
Ustanovljeno je da u ovim solima dominantna interakcija (koja se ostvaruje s atomom halogena
vezanim na piridinski prsten) ostvaruje optimalnu geometriju, dok se geometrija druge (slabije)
halogenske veze prilagodava dominantnoj. Dominantna halogenska veza je takoder glavni
uzrok razlika u entalpijama isparavanja unutar izostrukture serije soli tipa I. S obzirom da
slabija halogenska veza ima primjetan uc¢inak kako na strukturu tako i1 na svojstva ovih soli,
moze se zakljuciti da je medudjelovanje obje halogenske veze odgovorno za strukturne
znacajke i svojstva N-(4-halogenbenzil)-3-halogenpiridinijevih halogenida. Doista, ¢injenica
da tako velik broj kombinacija kationa/aniona (11) poprima istu strukturu posljedica je, s jedne
strane, postojanja snazno usmjerenih interakcija koje osiguravaju istu supramolekulsku

topologiju (lanci), a s druge strane dovoljnim stupnjem fleksibilnosti u slucaju slabije
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halogenske veze koja se moze prilagoditi kako bi kompenzirala promjene veli¢ine atoma, ali i
duljinu i kut jace halogenske veze.

Iz struktura halogenpiridinijevih heksacijanoferata(ll) jasno se vidi da halogenpiridinijevi
kationi mogu tvoriti soli s heksacijanoferatnim anionima pri ¢emu se s istima povezuju
halogenskim vezama te bi se u buducnosti slicni kationi mogli koristi za ugadanje geometrije
heksacijanoferatnih mreza.

Ovim istrazivanjem pokazano je da se N-alkiliranjem (i N-protoniranjem) jodpiridina mogu
sintetizirati kationi koji su pouzdani i stabilni kationski donori halogenskih veza. Takoder je
otvoren put prema sintezi piridinijevih dikationa koji su potencijalno jos bolji 1 pozudaniji
donori halogenskih veza upravo zbog veéeg ukupnog naboja, a samim time i veée vrijednosti
Vmax(X). S obzirom da su u okviru ovog istrazivanja proucavane soli halogenpiridina s
halogenidnim anionima (i heksacijanoferatnim anionima) u buduénosti bi trebalo prirediti i
analizirati soli s drugim anionima, ali i kokristale u kojima bi se mogle ostvariti halogenske
veze izmedu kationa i1 neutralnih molekula kao akceptora halogenske veze. Istrazivanja soli
halogenpiridinijevih (di)kationa s ve¢im organskim i anorganskim anionima (U prvom redu

cijanometalatima i (poli)oksometalatima) su u tijeku.
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§5. POPIS OZNAKA, KRATICA | SIMBOLA

kratica naziv kratica naziv
Buen but-2-enilna grupa AH promjena entalpije
CSD Cambridge Structural TG termogravimetrija
Database
Crel relativna duljina ) kut veze
DSC razlikovna pretrazna indeksi sli¢nosti
kalorimetrija 7AB jedini¢nih éelija
E energija interakcije 2-ClIPy 2-klorpiridin
Et etilna grupa 2-BrPy 2-brompiridin
Is izostrukturnosni indeksi 2-1Py 2-jodpiridin
koeficijent kristalnog ..
KPC nakiranja 3-ClPy 3-klorpiridin
Me metilna grupa 3-BrPy 3-brompiridin
Prop propilna grupa 3-1Py 3-jodpiridin
R.S. relativno skracenje 4-CIPy 4-klorpiridin
maksimum
Vimax elektrostatskog 4-BrPy 4-brompiridin
potencijala
minimum
Vimin elektrostatskog 4-1Py 4-jodpiridin
potencijala
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ABSTRACT: Six N-(4-halogenobenzyl)-3-halogenopyridinium cations were prepared by
reacting meta-halogenopyridines (Cl, Br, and I) with (4-halogenobenzyl) bromides (Br and
I) and were isolated as bromide salts, which were further used to obtain iodides and
chlorides. Sixteen compounds (out of 18 possible cation/anion combinations) were
obtained; two crystallized as hydrates and 14 as solvent free salts, 11 of which belonged to
one isostructural series and 3 to another. All crystal structures comprise halogen-bonded
chains, with the anion as an acceptor of two halogen bonds, with the pyridine and the “a

benzyl halogen substituents of two neighboring cations. The halogen bonds with the )t?‘:: «:
pyridine halogen show a linear correlation between the relative halogen bond length and i

angle, which primarily depend on the donor halogen. The parameters of the other halogen % {%
bonds vary with all three halogens, indicating that the former halogen bond is the dominant ~

interaction. This is also in accord with the calculated electrostatic potential in the o-holes of

the halogens and the thermal properties of the solids. The second isostructural group

comprises combinations of the best halogen bond donors and acceptors, and features a more favorable halogen bond geometry of
the dominant halogen bond, reaffirming its significance as the main factor in determining the structure.

Br/l

Cl/Br/l T @B/l
XB

B INTRODUCTION

The goal of crystal engineering is the deliberate design of
crystals with planned structures and predictable physical and

such isostructural crystals (providing the halogen atom does
act as a halogen bond donor), the only significant difference
between the two crystals will be the strength of the halogen

chemical properties.'® In attempting to achieve this, one must
take into account both the geometric properties of the
constituent molecules, as well as their proclivity to participate
in intermolecular interactions. The intricate interplay of these
two effects is perhaps best illustrated by two phenomena: the
ability of one substance to crystallize in more the one crystal
structure—polymorphism’~''—and the occurrence of differ-
ent substances adopting very similar (or almost identical)
crystal structures—isostructurality.'> ™' Of these two phenom-
ena, isostructurality is particularly useful for the study of
minute differences in crystal structures and properties, as in
isostructural materials the majority of various contributions of
the overall crystal packing can be taken to be equivalent,
leaving the differences between the constituent molecules as
the main cause of any variability between the structures and
the properties within an isostructural series.'” >

One field of solid state of supramolecular chemistry which
has particularly benefited from the study of isostructural
systems is the study of the halogen-bonded materials.”*~** The
reason for this is that replacing one halogen atom with another
in a molecule generally has only a minute effect on molecular
geometry. It was already noted by Kitaigorodsky in his seminal
Organic Crystallochemistry> that replacing one halogen atom
with its neighbor in the group (Cl/Br or Br/I) will in roughly
50% of cases lead to isostructural materials. As the halogen
bond energy greatly increases with the donor atom size,” in

© XXXX The Authors. Published by
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bond. Furthermore, as the only significant difference between
two such isostructural crystals lies in the halogen bond
strength, all differences in physical and chemical properties are
also mainly due to the difference in halogen bond energies.
This has been employed for experimental observations of the
effect of the halogen bond on the macroscopic properties of
isostructural halogen-bonded materials, as well as fine-tuning
of their properties.””** Unfortunately, this approach does have
its limitations: while isomorphous dual exchange Cl/Br and
Br/I is a fairly common phenomenon,'” ™" triple isomorphous
exchange Cl/Br/I is quite rare. To the best of our knowledge,
there have been to date only eight published systems with
triple isomorphous exchange®””***~*" involving halogen
which acts as a halogen bond donor.

The tunability of halogen bond strength within a set of
isostructural crystals can be increased if the acceptor atom can
also be replaced without changing the overall structure of the
crystal. One method for systematic application of this principle
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is using halogen atoms not only as donors but also as halogen
bond acceptors. This can be achieved in several ways; halogen
atoms can act as halogen bond acceptors either of part of the
neutral molecule (type II XB) or as halogenide anions (in their
“free” form or coordinated as ligands to metal centers). The
latter approach was very successfully employed by the
Brammer group for the study of the hierarchy of
intermolecular interactions in 3-halogenopyridinium tetrahalo-
genometalates, demonstrating that the structure type is
dependent on both the hydrogen and the halogen bond
strength.”” Also, halogenopyridinium halogenides were shown
to be extremely prone to isostructurality: among both the
ortho- and para-halogenopyridinium halogenides (halogen =
Cl, Br, I), there are groups of six isostructural salts, while
among meta-halogenopyridinium halogenides there are two
groups of four.””~*

In the present work, we are describing the design,
preparation, and study of a series of N-(4-halogenobenzyl)-3-
halogenopyridinium halogenides. The cation was selected as a
potential donor of two inequivalent halogen bonds—one
through the halogen on the pyridine ring (on which the
majority of the charge is expectedly located) and the other
through the halogen on the N-benzyl substituent. Using a
halogenide counterion as a halogen-bond acceptor gives a total
of three halogen atoms (two on the cation and one of the
anion) which can be interchanged in order to investigate in
which cases the exchange of the halogen will induce a change
in the structure and when it will yield an isostructural solid.
Additionally, as we are using a relatively large cation
(comprising two rings), the exchange of halogen substituents
will only lead to small differences in the overall molecular
volume, which should lead to a higher probability of obtaining
isostructural crystals.*” This would enable us to study in more
detail how halogen bond affects the structures and properties
of the crystals.

B RESULTS AND DISCUSSION

The cations were prepared by reacting meta-halogenopyridines
(Cl, Br, and I) with (4-halogenobenzyl) bromides (Br and I),
which yielded a series of six bromide salts of N-(4-
halogenobenzyl)-3-halogenopyridinium cations. lodides and
chlorides were prepared from the bromides by ion exchange,
giving an overall potential of 18 compounds which differ only
in one or more halogen atoms (Scheme 1). For the sake of

Scheme 1. Halogen-Bonded Cation—Anion Pair with
Annotation of the Three Halogen Atoms

X1
A X"=Br, |
NL X2=Cl, Br, |
. 04 X°=CLBr,

simplicity, these will be referred throughout the text as X'X*X?,
where X! is the halogen substituent on the benzyl ring, X* the
substituent on the pyridine ring, and X the halogenide anion.

All the bromides and iodides crystallized as simple 1:1 salts
with no inclusion of solvent molecules. In the case of chlorides,
however, the outcome of the synthesis was found to depend on
the halogen substituent on the pyridine ring. The two cations
derived from 3-iodopyridine thus yielded simple chloride salts
equivalent to the iodides and the bromides. When bromine

replaced the iodine atom on the pyridine ring, the chlorides
crystallized as hydrates (IBrCI'H,O and BrBrCl-1.5H,0),
while the two chlorides of the cations derived from 3-
chloropyridine could not be isolated. Thus, out of the 18
possible X'X*X* combinations, a total of 16 were obtained: 14
as simple salts, and two as hydrates.

In order to evaluate the potential of the halogen atoms on
the cations for formation of halogen bonds, we performed
DFT computations of the electrostatic potential (ESP) of the
cations in vacuo. These have shown that the halogen
substituent on the pyridine ring in all cases has a more
positive -hole ESP (V,,,,) than the benzyl substituent: for the
halogen on the pyridine ring, V;,,,(X*) decreases from iodine
(ca. 435 kJ mol™ ¢7!) over bromine (ca. 400 k] mol™* ¢7*) to
chlorine (ca. 360 kJ mol™ ¢7'), whereas for the benzyl
halogenides V,,(X") is ca. 320 k] mol™" ¢! for iodine and ca.
290 k] mol ™" ¢™" for bromine (Figure 1). It is therefore evident
that the pyridine halogen atom is expected to form stronger
halogen bonds, which will therefore (expectedly) be the
dominant contribution in determining the properties of the
materials. Indeed, this seems to be illustrated by the synthesis
of the chlorides. As chloride is the best hydrogen bond
acceptor of the three anions, only the strongest halogen bond
donors (iodopyridinium cations) can entirely replace the water
molecules which solvate the chloride in solution. Weaker
halogen bond donors (bromopyridinium cations) do replace
some of the solvent water, giving hydrates in which the
chloride is an acceptor of a halogen bond and several HO—H---
CI™ hydrogen bonds. However, when only the weakest halogen
bond donors (chloropyridinium cations) are present, the
chloride remains entirely hydrated, rendering the salt extremely
soluble (and probably hygroscopic and deliquescent), which
explains our failure to obtain solid products.

Out of the 14 anhydrous salts, 11 belong to one isostructural
series (type I) and the remaining three to another (type II).
The first isostructural series comprises the iodide salts of all six
cations and five bromides, while the second comprises the two
chlorides and the remaining bromide (IIBr). The crystal
structures of both series contain halogen-bonded chains, with
cations and anions interconnected by halogen bonds (Figure 2,
Figure S35 in the Supporting Information); each anion is an
acceptor of two halogen bonds, one with the pyridine halogen
atom (X*:-(X®)7), and one with the benzyl halogen atom
(X'+(X®)7). Along with the two halogen bonds, the
halogenide anion is also an acceptor of several weak C—H--
(X®)~ hydrogen bonding contacts with cations belonging to
neighboring halogen-bonded chains (see Table S3 in the
Supporting Information). These interactions interconnect the
halogen-bonded chains into a 3D structure.

Isostructurality within the Type | Structures. In order
to quantify the similarity of the 11 structures belonging to type
I, we have calculated the unit cell similarity indices:

myp = 1(ay + by + cy)/(ag + by + cp) — 1

where a,, by, and c, are orthogonalized cell parameters for
structure A, and ap, by and cg are orthogonalized cell
parameters for structure B, as well as the isostructurality
indices:

L(A, B) = ][Z (ARAB)Z/n]l/Z - 1‘ x 100%

where AR,y is the difference of distances of atomic coordinates
of equivalent atoms in structures A and B, and # is the number
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Figure 1. Electrostatic potential plotted on a 0.002 e A> electron density isosurface for the six cations covered by this study, with values of ESP on

the halogen o-holes (V,,,,) for X' and X2

[+

Figure 2. Halogen-bonded chains within the unit cell in (a) type I structures (in BrlII) and (b) type II structures (in IICI). Both structures viewed

along the crystallographic b axis.

of atoms in the section of the structure which is being
compared for each pair of the structures."* For computation of
I, all non-hydrogen atoms in the unit cell were taken into
account (n = 56). The values of 7,5 and I,(A,B) for the 11
crystals belonging to the structural type I are given in Table 1.

Expectedly, the most similar structures (with I values above
85%) are generally those where only a single Cl/Br or Br/I
substitution has occurred, although there are two highly
isostructural pairs which differ in two halogen atoms (IBrl/
BrClI with I, of 87.2% and IBrBr/BrCIBr with I, of 86.8%). It
should be noted that the structures are generally less sensitive
to replacement of the halogen atoms of the cation (all of the
above-mentioned pairs differ only in X" or/and in X?) than the
anion. This is most probably due to the larger differences in
the radii of the halogenide anions. On the other hand, while
the same observations generally hold for overall cell
similarities, some of the isostructural pairs with the most
similar cells do differ in the anion (BrIBr/BrCII with 7 =

0.004 and ICIBr/BrCII with 7 = 0.009). Also, some pairs with
the lowest 7, feature Cl/I exchange (the above-mentioned
BrIBr/BrClI, ICII/BrIl with 7 = 0.002 and ICIBr/BrIBr with
w=0.005). It is interesting to note that the Cl/I exchange with
the least effect on cell similarity occurs only in X* and is always
in conjunction with a second (Br/I) exchange so that the large
increase in the size of X” is apparently somewhat compensated
by a decrease in X' or X® and consequently does not
significantly affect the overall unit cell dimensions (although it
does lead to an overall change in atom positions, as evidenced
by lower corresponding isostructurality indices: I(BrIBr/
BrClI) = 60.0%; I,(ICII/BrIl) = 64.5% and I,(ICIBr/BrIBr) =
61.5%).

Generally, unit cell parameters within the type I series
change fairly little—there is only ca. 4% difference between the
maximum and minimum 4 and ¢ lengths, ca. 7.5% between the
maximum and minimum b lengths, and mere 1% between the
maximum and minimum f angles. All the unit cell parameters
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Table 1. Unit Cell Similarity (7,5) and Isostructurality
Indices (I,(A,B)) for the 11 Crystals Belonging to Structural
Type 17

Isostructurality indices (/)
m Bril | BrBrl | IBrl | BrCll | BriBr | ICIl | IBrBr | BrBrBr | BrClBr | ICIBr

mn 732 | 724 | 71.2 | 689 | 68.2 614 | 59.6

Bril 75.0 | 69.1 | 783 | 64.5 | 67.5 | 70.4 61.7 | 57.4

BrBrl | 2.0 70.4 76.1 | 764 | 73.7 | 69.9
g 1Brl 64.9 75.5 | 723 713 | 70.8
?.:; BrCll | 25 60.0 714 | 701 729 | 703
E BriBr | 2.9 2.0 56.0 | 73.4 | 78.7 66.2 | 615
% ich 716 | 67.3 S EIR2H
% IBrBr | 2.7

BrBrBr | 40 | 29 | 20 | 3.1 2.7

BrClBr | 46 | 35 | 26 | 3.7 | 21 33

Icler | 33 | 23 25

“The isostructurality indices have been computed taking into account
all non-hydrogen atoms in the unit cell (n = 56).

are somewhat affected by the nature of all three halogens. The
unit cell vector lengths (a, b, and c) generally increase with the
size of all three halogens, while 3 generally increases with X*
and decreases with X' and X>. However, apart from the cell
angle which appears to be affected by all three halogens to a
more-or-less equal measure, g, b, and ¢ cell parameters depend
more on some of the halogens. Thus, a is mostly affected by X"
and to a lesser extent by X* and X with bromides more
sensitive to the changes of X' than the iodides. Conversely, c is
primarily dependent on X* and to a smaller degree on X';
among the bromides, ¢ is almost entirely independent of X2,
but among the iodides, c slightly increases with the size of X>.
The change of X has by far the largest effect on the length of
b, as well as on the unit cell angle (Figure 3).

As the halogen-bonded chains in type I structures extend
along the <101> direction (Figure 2c), the increase in a and ¢
cell parameters, as well as the decrease of f, all correspond to
an increase in the overall length of the period of the chain
(total length of a cation—anion unit, dg,, which in type I
structures corresponds to the lattice period in the <101>
direction, d(101) = [a® + ¢ + 2ac cos f]'% Scheme 2).
Therefore, the increase of a and ¢ with the size of all three

Scheme 2. Definition of the Parameters Describing the
Halogen-Bonded Chains in Type I and Type II Structures

2

1 =N X
he¥s
"
o L
@ 0 ‘Pz
dhx | O
Dehain

halogens is to be expected, as the increase of the radius of
either of the halogens is bound to lead to longer chains.
However, the increase of 8 with the increase of the size (and
halogen-bond donor strength) of X?, implies an effect of the
halogen bond, rather than simply the radius of the halogen
atom on the unit cell.

There is quite a significant difference in halogen bond donor
and -acceptor properties when Cl/Br/I substitution occurs.
Cations and anions are interconnected into chains by two
inequivalent halogen bonds, the strength of which should
increase with the increase of X' and X2, (II' being the
expectedly best donor) and with the decrease of X* (with CI~
as the best acceptor). In the case of the halogen bond involving
the pyridine halogen (X*--(X®)7), there is an almost perfectly
linear correlation (R* = 0.996) between the relative halogen
bond length (dg = d(X-+(X*)7)/[rgw(X) + r,((X*)7)]
(where is r, the Pauling ionic radius®”)) and the halogen
bond angle. Both primarily depend on X* (angles increasing
from ca. 156° for X? = Cl, over ca. 161° for X? = Br to ca. 166°
for X*> = 1, and the relative lengths from ca. 96% for X2 = (],
over ca. 90% for X* = Br to ca. 85% for X* = I). The nature of
the acceptor has much less effect on the halogen bond angle,
the bonds involving bromide as an acceptor being slightly more
contracted than those involving iodide (Figure 4a). The nature
of X! on the other hand has very little effect on either the
length or the angle of the X*--(X*)™ halogen bond, except in
the X'CIX? series, where BrCII and BrCIBr form somewhat
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Figure 3. Unit cell parameters of type I structures (a) ¢ vs a plot, (b) § vs b plot.
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Figure 5. Correlations between the halogen bond parameters and the isostructurality index with respect to IIT (I,(A,III), A # III)) for structures of
the type I series with (a) relative length of the X*--X> halogen bond, d,,(X*-X®) plot; (b) angle of the X*--X* halogen bond, ¢, plot; (c) relative
length of the X"--X> halogen bond, d(X"---X?), (d) angle of the X"~ X> halogen bond, ¢,. Structures of iodide salts are represented by squares and

bromide salts as rhombi.

shorter and more linear X*--(X?)” bonds than their respective
4-iodobenzyl analogues (ICII and ICIBr).

The halogen bonds involving the benzyl halogen (X'
(X®)7) tend to be somewhat more linear (halogen bond angles
mostly in the ca. 159—165° range) but relatively longer (d, =
in the 92—101% range). The interdependence of the bond
angles versus relative lengths follows the same general trend as
in the case of the X*+-(X®)™ bond, albeit with a considerably
larger scatter of the data points (Figure 4b) and dependence
on X® and X2. The structures with the stronger donor atom (X"
= I) generally exhibit relatively shorter and more linear bonds
than those with (X' = Br). Conversely, the structures with the
stronger acceptor (X> = Br) are generally longer and less linear

than those with X* = 1. There is also a significant dependence
of the X"(X3)” halogen-bond parameters on X*—within
each group of structures which differ only in X?, the relative
length increases, and the angle decreases, in the order X* = Cl
<Br<L

All of these observations, as well as the (almost) perfect
linearity of the d. (X*+X®)/¢, plot, indicate that the X
(X*)” halogen bond is the dominant interaction in the crystal
structure—the structural differences within the type I series of
structures are primarily dictated by the X*-+(X*)” halogen
bond, while the geometry of the X"-+-(X*)” halogen bond is
modified so that the crystal packing may better accommodate
the difference in the X*-(X®)™ halogen bond. Thus, X*-+-(X?)~

https://doi.org/10.1021/acs.cgd.1c01285
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Figure 6. Comparison of conformations of cations in type I and type II structures: (a) 7, and 7, torsion angles, (b) overlay of a cation—anion pair
(pyridine ring defined as the anchor) in a type I structure (BrIBr, red) and a type II structure (IIBr, blue), (c) scatterplot of 7, and 7, torsion
angles for type I (black) and type II structures (white with black border). Structures of iodide salts are represented by squares, bromide salts as

rhombi, and chloride as triangles.

halogen bonds with the stronger acceptor anion (bromide)
tend to be shorter and more linear than those with the iodide,
but X"--(X®)” bonds are longer and less linear since within a
X2-+(X3)7-X" group the stronger acceptor (bromide) is more
drawn to the stronger donor (X2), thus elongating and
deforming the X"-+-(X®)~ halogen bond. Also, the change of X*
affects the geometry of X"+(X*)~ so that the geometry of the
X"'--(X?)~ halogen bond becomes less favorable as the strength
of the halogen bond donor of the X*--(X*)~ halogen bond
increases, while the X*--(X*)” halogen bond is generally
independent of X".

This dominance of the X*+-(X*)~ halogen bond is also in
accord with the calculated electrostatic potential in the o-holes
of the halogens (V,,..(X)) which are in all cases higher for the
halogen bonded on the pyridine ring than on the halogen on
the benzyl ring (Figure 1). It should be noted, however, that
the difference in V,,, for X*> = Cl and X' = I is relatively small
(ca. 12%), which indicates that in the case of chloropyridine
derivatives the competition between the benzyl-I---(X3*)~
halogen bond might be able to somewhat compete with the
pyridine-Cl---(X*)™ halogen bond. This indeed does seem to
be the case, seeing that in the X'CIX? series, the pyridine-Cl---
(X®)” bond parameters are apparently more dependent on the
nature of X', being somewhat longer and less linear when X' =
I, as opposed to X" = Br (in each pair with identical X3).

Seeing that the X*-(X®)” halogen bond has been
demonstrated as the dominant interaction in the type I
isostructural series, the obvious question which arises is
whether, and in what manner, is the isostructurality within the
series dependent on this halogen bond. As a unique descriptor
for each structure within the isostructural series, we have
decided to use the similarity between a given structure and an
arbitrarily selected standard “structure”. As the standard, we
have selected III. This is because we have calculated the I, with
respect to the entire contents of the unit cell, and,
consequently, I, for any pair of structures depends on the
difference of the unit cell sizes, and therefore a structure with
one of the extreme cell volumes (BrCIBr with the smallest, or
III with the largest cell volume) is a logical choice as the
standard for comparison.

The correlations between the halogen bond parameters and
the isostructurality index with respect to II (I,(AIII) for
structures of the type I series (A # III)) are given in Figure S.
It was noted earlier that the structures are more affected by the

exchange of X° than either X' or X* This is once more
demonstrated by the plots of I[(AIII) vs the halogen bond
lengths and angles, which show that the dominant determi-
nator of the similarity of the structures is not the halogen bond
geometry, but rather the anion, with the iodides more similar
to III than the bromides. However, there is a definite
correlation between the I(AJIII) and both relative length
and the angle of the (stronger) X*+(X®)” halogen bond:
within both the iodide and the bromide series, there is an
increase in I,(AIII) as the halogen bond becomes more linear
and a decrease as it becomes longer. As the X>+-(X*)~ halogen
bond in III is (relatively) shorterst and most linear within the
type 1 structures (d,(X>X3) = 85.49%; @, = 166.25°), it
follows that an increase in similarity of the halogen bond
parameters should lead to an increase in the overall similarity
of the crystal structures. Conversely, there is no discernible
correlation between the I,(AIII) and the relative length of the
(weaker) X'--(X?)” halogen bond—the plot of I,(AIII)
versus d,(X"X?) reveals only the general trends of I,(A,III)
rising with the sizes of all three halogens. However, the angle of
the X*+-(X®)™ halogen bond does show a definite correlation
with the I,(AIII)—again the same general trend among the
iodides and the bromides—of reduction of the similarity of
structures as compared to III with the increase of ¢,. As III has
one of the smallest ¢, angles in the series (@,(III) = 163.52°),
the decrease of similarity to III with the increase of ¢, is to be
expected. On the other hand, as all the bromides have lower ¢,
angles than III, the increasing similarity in values of ¢, is
reducing the overall similarity of the crystal structures.
However, the increase of ¢, follows the decrease in the X
(X*)™ halogen bond strength (notice that in both iodides and
bromides it increases with the reduction of X*: X'IX® <
X'BrX® < X'CIX®). It can therefore be concluded that the
structural similarity within the type I is primarily determined
by the anion and the X*-(X*)~ halogen bond, the observed
correlation between I(AJII) and ¢, being one of the
consequences thereof.

Type Il Structures. The two chloride salts which did not
crystallize as hydrates (IICl and BrICl), as well as one of the
bromides (IIBr), form a second isostructural series (type II).
Type II structures are somewhat less closely packed than the
type I structures (average KPC 68.9 for type I and 66.9 for type
II). They also comprise halogen-bonded chains; however,
there are significant differences as compared with Type I

https://doi.org/10.1021/acs.cgd.1c01285
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Figure 7. Parameters describing the halogen-bonded chains in type I (black) and type II structures (white with black border): length of the
fragment of the halogen-bonded chain which contains both halogen bonds (dyxxx) vs (a) angle of the X*-(X*)™ halogen bond (¢;) and (b) s angle
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structures. One of the differences is the conformation of the
cation (Figure 6a,b), which is best described by the two torsion
angles about the two single bonds: 7; (C12—C7—C6—N1) and
7, (C1-N1—-C6—C7): while in type I structures 7, is generally
quite small (in the range 5—12°), in type II structures it
increases to above 70°. The values of 7, also increase from 98°
to 108° in type I structures (where 7, is somewhat dependent
on the counterion, being under 102.1° in all bromides and
above 102.2° in all iodides) to 136—140° (Figure 6c). This
increase in the torsion angles leads to an increase of the overall
length of the hydrocarbon skeleton of the cation (d,,
measured as the distance between the two halogenated carbon
atoms (C2 and C10) on the same cation, see Scheme 2) from
ca. 9.5 A to 10.1 A in type I to ca. 10.3 to 10.6 A in type IL

The most obvious difference in the halogen-bonded chains
in type II structures, as compared to type I, is in the angle
between the two halogen bonding contacts formed by the
anion (9, see Figure S36 in the Supporting Information),
which in type I always remains within the range of ca. 123.8—
126.4°, while in type II it takes up values between ca. 150.8 and
153.2° (Figure 7). As 9 increases, so does the length of the
fragment of the halogen-bonded chain which contains both
halogen bonds (dyxx, measured as the distance between the
two halogenated carbon atoms (C2 and C10’) on neighboring
cations forming halogen bonds with the same anion see Figure
$36 in the Supporting Information). Interestingly, although
both d_,, and dxxx are considerably longer in type II structures,
the overall length of a unit of the halogen-bonded chain (d,;,)
differs relatively little between the two types (Figure S36 in the
Supporting Information)—bromides of type I and II differ by
ca. 0.8 A in dyyy and ca. 0.4 in d_,, while the difference in d,;,
is only ca. 0.5 A (much less than dyxx + d.,). This is because
the increase in dxxx and d., in type II structures is
compensated for by changes in halogen bond geometries.
The halogen bond involving the pyridine halogen donor (X
(X®)7) in type II structures is both shorter and more linear
(Figure 3a) than in type I structures. On the other hand, the
halogen bond involving the benzyl halogen donor (X'-+(X3)")
is generally shorter, but also less linear in type II structures,
leading to an overall decrease in the C10--(X®)” distance
(Figure 3b).

The differences between the halogen bonds in the two
structural types indicate the probable cause for the existence of
the two types. The main discriminator between the two

structural types is the halogen bond, primarily, the dominant
X2-+(X3)™ halogen bond. The increased § in type II structures
allows for a closer approach of the donor (X?) to the acceptor
((X*)7) and therefore a more favorable geometry leading to a
higher bond energy. Importantly, type II is achieved by the
combination of the strongest halogen bond donors (iodopyr-
idinium derivatives) and the strongest acceptors (chloride
anions). The bromide anion also forms a type II structure with
one iodopyridinium donor (IIBr) but not the other (BrIBr
crystallizes as type I), indicating that the benzyl halogen (and
therefore the X'--(X*)™ halogen bond) is also a factor in
discriminating between the two types of structure. This
principle is illustrated in Figure 8 where the distribution of
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Figure 8. Distribution of the two isostructural series on a plot of the
products of the electrostatic potentials of weaker cation donor and
halogenide anion acceptor (V. (X")*V (X*)) vs products of the
electrostatic potentials of stronger cation donor and halogenide anion
acceptor (V. (X*)*V (X3)).

the two types is shown on a plot of the products of the
electrostatic potentials of cation donors and halogenide anion
acceptors (being a convenient measure for the relative
potential for halogen bonding in a given donor/acceptor pair
within a closely related group).

Another convenient descriptor of the halogen bond strength
is the in vacuo interaction energy of the ion pairs with the X*---
(X*)7 (or X"++(X®)7) contacts with geometries as found in the
crystals (E(X>+X?) viz. E(X"+X?)). While these energies are
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Structures of iodide salts are represented by squares and bromide salts as rhombi.

by no means realistic estimates of the energies of the
corresponding contacts in the solid state, they are indicative
of the general trends these energies should follow. When these
are calculated for the X>--(X3)~ contacts for all 14 structures,
they show that X*--(X*)~ contacts in geometries correspond-
ing to type II correspond to higher interaction energies than
those of type I geometries (Figure S37 in the Supporting
Information). This once more suggests that the energy gain
due to the more favorable geometry of the X*--«(X3)™ halogen
bond is the main driving force for the formation of type II
structures.

Thermal Properties of Type | Structures. The size of
the type I isostructural series has prompted us to investigate
whether there is a clear and measurable effect of the halogen
bond on the thermal properties of the type I solids. As within
the isostructural series the only significant difference is in the
halogen bond donors and acceptors, it can be expected that the
differences in the halogen bond energies in various crystals will
be the dominant cause of differences in their thermal
properties. In order to investigate this, we have performed
thermal analysis (TG and DSC) for the compounds which
have crystallized with type I structures. These have shown that
nine of these salts undergo evaporation in the temperature
range from 170 to 200 °C without previous thermal events.
The evaporation is characterized by a continuous loss of the
entire mass of the sample in the TG, with the DSC curves
generally exhibiting two endothermic signals (probably
corresponding to almost simultaneous melting and evapo-
ration) which are to a larger or lesser degree coalesced into one
(Figures S17—S31 in the Supporting Information). In the case
of two compounds (III and BrIBr), the DSC curve is more
complex, with additional signals at lower temperatures and also
somewhat lower temperatures of the melting/evaporation
event (163 and 169 °C, respectively). As their thermal
behavior is obviously different from that of the remaining
members of the series, they have been excluded from the
further analysis of the data.

There is a clear linear correlation between the E(X*--X?®)
and the evaporation enthalpies within the type I structures
(Figure 9a), which is particularly evident when comparing
structures which differ only in X* (for the BrII—BrBrI—BrCII
series, R* = 0.997). The differences in evaporation enthalpies
between compounds which differ only in X* are generally
similar to the corresponding differences in E(X*+-X?®) (Table

S4 in the Supporting Information). As for the weaker, X"
(X*)” halogen bond, there is no apparent correlation between
the enthalpies and the gas phase interaction energy E(X'--X3)
(Figure S32 in the Supporting Information). However, the
nature of X" also slightly affects the evaporation enthalpy, as
within each BrX2X?/I1x2x3 pair of structures, the x2x3
analogue has higher evaporation enthalpy (by 3.5—12.5 kJ
mol™"), indicating the contribution of the X":-«(X*)~ bond to
the total packing energy.

The evaporation enthalpy is also significantly affected by the
nature of the halogenide (i.e., halogen bond acceptor)—while
following the same trend with respect to E(X*-X3), the
bromides systematically have higher evaporation enthalpies
than the iodides. This cannot be accounted for by a difference
in halogen bonding. Rather, the most likely cause for this
difference between the iodides and the bromides lies in the
difference between the C—H:---X™ hydrogen bond energies for
iodide and bromide. In all structures, the anion, along with the
halogen bonds within a halogen-bonded chain, also forms C—
H---X" hydrogen bonds with cations from neighboring chains.
As bromide is a stronger hydrogen bond acceptor than the
iodide, more energy is required in order to sever the C—H--
Br~ hydrogen bonds upon evaporation, leading to higher
overall enthalpies.

Unlike the evaporation enthalpies which are clearly
dominated by the contribution of the X*--(X*)~ halogen
bonds, the onset temperatures of the melting/evaporation
show a somewhat more complex behavior (Figure 9b). For
stronger X>+(X>)~ halogen bonds (with X* = Br, I), the onset
temperatures expectedly increase with the E(X*-X>), again
with iodobenzyl derivatives at somewhat higher onset
temperatures than their bromobenzyl analogues (by 6—7.5
°C). However, in the case of weaker X>+-(X®)™ halogen bonds
(with X' = Cl), the trend is apparently the opposite—onset
temperatures decrease with E(X*-X?). The differences in the
onset temperatures within the BrX2X3/1X2x3 pairs are also
higher (by 7.5—17.5 °C). The latter observation is in line with
the larger contribution of the X"-+(X®)™ halogen bond to the
overall packing energy (due to the reduced contribution of
X2.--(X*)~ halogen bond because of relatively lower
V.(Cl)—see discussion above). The increase of the onset
temperatures with the decrease of E(X*-X®) among the
chloropyridine derivatives is however somewhat more difficult
to account for. As the evaporation enthalpies change regularly
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with E(X?*-X?), the most probable reason for the different
trend in melting/evaporation onset temperatures is a different
trend in the lattice entropies. It can be expected that within the
X'CIX® series the lattice entropy is higher (due to less
constricted thermal motion in less strongly bonded structures),
increasing with decreasing E(X*-X>). As the lattice entropy
increases, the entropy change upon melting/evaporation
decreases, which can be expected to cause an increase in the
phase transition temperature. However, as only four data
points are involved, one cannot exclude the possibility that the
apparent trend is merely an artifact of a random distribution.

B CONCLUSION

N-(4-Halogenobenzyl)-3-halogenopyridinium halogenides
have proven to be an excellent platform for the study of
isostructural halogen exchange, as they fall within two series of
isostructural solids. The larger series (type I) comprises 11
structures and allows for an in-depth study of the effect of
halogen exchange (and therefore differences in the halogen
bonding) on the crystal structure and properties. The
halogenide anion acts as an acceptor of two inequivalent
halogen bonds with neighboring cations. Of these, the one
formed by the halogen on the pyridine ring (which exhibits a
more positive o-hole potential than the halogen on the benzyl
ring, even in the case of chloropyridine derivatives) is
dominant—it adopts the optimal geometry (within the given
structure type), while the other halogen bond distorts in order
to accommodate it. This halogen bond is also the reason for
the appearance of the second structural type, which allows it to
adopt an even more favorable geometry. Also, it is the main
cause of the differences in evaporation enthalpies within the
type I structures. However, the halogen bond involving the
benzyl ring halogen as the donor also has a noticeable effect,
both on the structure (within the IIBr/BrIBr pair the nature of
this donor is the discriminating factor of the structural type)
and on the properties (within each BrX?X*/IX?X® pair of
structures, the IX?X> analogue has higher evaporation
enthalpy). It can therefore be concluded that although one
halogen bond is clearly dominant, the interplay of both is
responsible for the structural features of N-(4-halogenoben-
zyl)-3-halogenopyridinium halogenides. Indeed, it can be
hypothesized that the fact that such a large number of
cation/anion combinations (11) adopt essentially the same
structure (type I) is due, on the one hand, to the existence of
strongly directing interactions which ensure the same supra-
molecular topology (chains), and on the other to a sufficient
degree of flexibility in the weaker halogen bond (and
somewhat in the cation structure), which can adapt in order
to compensate for the changes in the atom size and (stronger)
halogen bond length and angle.

B EXPERIMENTAL SECTION

Synthesis. All solvents (acetone, dichloromethane, ethanol), acids
(hydrochloric and hydroiodic), and the ion-exchange resin (Dowex
21K chloride form, 16-30 mesh) were purchased from Sigma-Aldrich
Company. 3-Chloropyridine, 3-bromopyridine, and (4-bromobenzyl)
bromide were purchased from Acros Organics, while 3-iodopyridine
(4-iodobenzyl) bromide was from Apollo Scientific. All the solvents
and reagents were used as received.

N-(4-Halogenobenzyl)-3-halogenopyridinium bromides were pre-
pared by dissolving equimolar amounts (1 mmol) of corresponding 3-
halogenopyridine and (4-halogenobenzyl) bromide in hot acetone
(20 mL) whereupon the solutions were left to cool and evaporate.

Iodide and chloride salts of N-(4-halogenobenzyl)-3-halogenopyr-
idinium cations were synthesized by ion exchange. N-(4-Halogen-
obenzyl)-3-halogenopyridinium hydroxides were prepared by passing
the solutions of N-(4-halogenobenzyl)-3-halogenopyridinium bro-
mides in deionized water (¢ = 0.1 mol L") through the anion
exchange column. The ion-exchange resin was regenerated with a 50
mL aqueous solution of sodium hydroxide (¢ = 1 mol L™"). Obtained
solutions of N-(4-halogenobenzyl)-3-halogenopyridinium hydroxides
were neutralized with hydroiodic acid (¢ = 1 mol L™"). Hydroiodic
acid was added dropwise in the obtained solution until neutralization.
The same procedure was used to prepare the chloride salts using
hydrochloric acid instead of hydroiodic acid.

Single crystals (suitable for single crystal X-ray diffraction
experiment) of N-(4-halogenobenzyl)-3-halogenopyridinium bro-
mides and iodides were obtained directly from synthesis. In the
case of chlorides, single crystals were obtained by recrystallizing the
obtained solid product from a mixture of dry ethanol and dry acetone.

X-ray Diffraction Measurements. All single-crystal X-ray
diffraction experiments were performed using an Oxford Diffraction
XtaLAB Synergy, Dualflex, HyPix X-ray four-circle diffractometer with
mirror-monochromated MoKa (1 = 0.71073 A) radiation. The data
sets were collected using the @-scan mode over the 26 range up to
60°. Programs CrysAlis PRO CCD and CrysAlis PRO RED were
employed for data collection, cell refinement, and data reduction.”"**
The structures were solved by SHELXT®? or by direct methods using
the SHELXS and refined using SHELXL programs.”* The structural
refinement was performed on F? using all data. The hydrogen atoms
were placed in calculated positions and treated as riding on their
parent atoms (C—H = 0.95 A and Uj,,(H) = 1.2 U.((C) for aromatic
hydrogen atoms; C—H = 0.99 A and U (H) = 1.2 U,(C) for
methylene hydrogen atoms). In the case of both hydrates, the water
hydrogen bonding atoms were located in the electron difference map.
All calculations were performed using the WinGX>* or Olex2 1.3-
ac4™® crystallographic suite of programs. A summary of data pertinent
to X-ray crystallographic experiments is provided in Table S1 (see
Supporting Information). Further details are available from the
Cambridge Crystallographic Centre (CCDC 2118712—2118727
contain crystallographic data for this paper). Molecular structures of
compounds and their packing diagrams were prepared using
Mercury.””

Thermal Analysis. Differential scanning calorimetry (DSC) and
thermogravimetric (TG) measurements were performed simulta-
neously on a Mettler Toledo TGA/DSC 3+ module. Samples were
placed in alumina crucibles (40 uL) and heated 25 to 300 °C, at a
heating rate of 10 °C min~" under nitrogen flow of 50 mL min~".

Data collection and analysis were performed using the program
package STARe Software (Version 15.00, Mettler Toledo, Greifensee,
Switzerland).>® TG and DSC thermograms of the prepared
compounds are shown in Figures S11—S1S in Supporting
Information.

Computational Details. All calculations were performed using
the Gaussian 09 software package.”” Geometry optimizations of
cation molecules for analysis of the molecular electrostatic potential
were performed using the b3lyp/dgdzvp level of theory.®”®!
Harmonic frequency calculations were performed on the optimized
geometries to ensure the success of each geometry optimization.
Single-point energies of the ion pairs in vacuo were determined using
the M062X/dgdzvp® lever of theory on geometries obtained by X-ray
crystallography. This combination of the functional and the basis set
was shown to reproduce experimental halogen bond energies in the
gas phase with good accuracy, which are comparable to energies
obtained by using larger and more time-consuming triple- basis
sets.”” Interaction energies between ions were calculated and
corrected by basis set superposition errors (BSSE) according to the
counterpoise method of Boys and Bernardi.®*®® The figures were
prepared using GaussView.*
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