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ABSTRACT

Ding, Xin

Halogen bond in crystal engineering: structural studies on crystals with neutral
ruthenium centered complexes and 1-(4-pyridyl)-4-thiopyridine zwitterion as
halogen bond acceptors

Jyvéskyld: University of Jyvaskyld, 2020, 59 p.

(JYU Dissertations

ISSN 2489-9003; 323)

ISBN 978-951-39-8420-5 (PDF)

This work focuses on using both ruthenium complexes and a newly
synthesized organic zwitterion as halogen bond (XB) acceptors to construct a
series of crystal structures and to investigate the selectivity of halogen bond. p-
Diiodotetrafluorobenzene (p-DITFB) was used as the halogen bond donor to co-
crystalize with [Ru(bpy)(CO)2Xz] (X=Cl, Br, I), yielding a series of crystals 1-3.
The strength of X1 in 1-3 follows the order of Ru-CI>Ru-Br>Ru-I, indicating
electrostatic nature of the XBs. Isomorphic [Ru(bpy)(CO).Cl2]ep-DITFB (1) and
[Ru(bpy)(CO)2Br2]ep-DITFB (2), with both halido ligands involved in XB, form
zig-zag chains, which expand into 3D network with solvent accommodating
voids. [Ru(bpy)(CO)2l2]ep-DITFB (3) forms linear chains with only one of the
two iodo ligands involved in XB. The neighboring linear chains are further
linked together via F--O interaction to form 3D networks.

The XB preference for S over N in the sulfur coordinated thiocyanate ligand
of [Ru(bpy)(CO)2(S-NCS):] was studied with I as XB donor. The computational
analysis results, which demonstrate no major energy differences between
SCN-Tand NCS I system, suggest the pivotal role of packing effect. Moreover,
because of the narrower energy gap between HOMO and LUMO in
[Ru(bpy)(CO)2(S-NCS)2]*2I> than in [Ru(bpy)(CO)2(S-NCS)2]*L> (4), the singly
interacting adduct (4) was the only experimentally obtained structure,
regardless of the amount of I> used.

A new bidentate XB acceptor, 1-(4-pyridyl)-thiopyridine (PTP), incorporating
both bidentate sp3-S5 and monodentate sp?-N, has been synthesized. Three
crystals (5-7) were obtained from co-crystalizing the PTP with p-diiodobenzene
(DIB), p-DITFB, and iodopentafluorobenzene (IPFB), respectively. The structure
of 5-7 demonstrate the selectivity of XB between S and N as well. All the results
from this study prove that XB is a viable tool in constructing extended metal
networks with [Ru(bpy)(CO)2Xz], and, however, indicate that all the other
intermolecular interactions, along with XB, also exert unneglectable impact on
the crystal formation.

Keywords: crystal engineering, halogen bond, electrostatic, selectivity



TIIVISTELMA

Ding, Xin

Halogeenisidos kiderakenteiden muokkauksessa: neutraalien ruteniumkompleksien ja
halogeneenisidosakseptorikahtaisionin 1-(4-pyridyyli)-4-tiopyridiinin
kiderakennetutkimuksia

Jyvéskyla: Jyvaskyldn yliopisto, 2020, 59 s.

(JYU Dissertations

ISSN 2489-9003; 323)

ISBN 978-951-39-8420-5 (PDF)

Viitoskirjassa keskitytddan erityisesti ruteniumkompleksien ja tytssd syntetisoidun
kahtaisionin kayttaytymiseen halogeenisidosakseptorina. Kayttamalla p-
dijododetrafluorobentseenid (p-DITFB) halogeenisidosdonorina ja ruteniumyhdisteitd
[Ru(bpy)(CO)2Xz] (X=Cl, Br, I) akseptoreina valmistettiin sarja halogeenisidoksia sisaltavia
kiderakenteita (1-3). Tassd sarjassa halogeenisidoksen X1, sidosvoimakkuuden
osoitettiin kasvavan jdrjestyksessd Ru-CI>Ru-Br>Ru-I, mikd osoittaa halogeenisidoksen
olevan luonteeltaan péddasiassa elektrostaattinen. Isomorfisissa [Ru(bpy)(CO)2Clz] ¢ p-DITFB
(1) ja [Ru(bpy)(CO)2Br2] *p-DITFB (2) rakenteissa molemmat halidoligandit osallistuvat
halogeenisidokseen. Rakenteen ”siksak”-ketjut muodostavat 3D-verkostoja liuottimen
tayttdessd rakenteen aukkoja. [Ru(bpy)(CO)2l2] *p-DITFB (3) muodostaa lineaarisia ketjuja,
joissa vain yksi kahdesta jodiligandista osallistuu halogeenisidokseen. Vierekkdiset
lineaariset ketjut kytkeytyvét edelleen toisiinsa F--O - vuorovaikutuksella ja muodostavat
3D-verkoston.

Rikin ja typen taipumusta muodostaa halogeenisidoksia I»n kanssa tutkittiin
tarkastelemalla rikkikoordinoitunutta tiosyanaattia sisdltavan [Ru(bpy)(CO)2(S-NCS),]
yhdisteen ja I»n muodostamaa rakennetta. Teoreettisten laskennallisten tulosten
perusteella suuria energiaeroja SCN--I ja NCS-1 vuorovaikutusten vililld ei ole. Kuitenkin
kokeellisesti  vain NCS-I  [Ru(bpy)(CO)2(S-NCS)2]*I>  (4) rakenne onnistuttiin
valmistamaan. Tulokset viittaavat siihen, ettd syy NCS-I muodon suosimiseen 16ytyy
kiderakenteessa olevien heikkojen vuorovaikutusten yhteisvaikutuksesta yksittdisen
halogeenisidoksen sijaan. Vertaamalla laskennallisesti rakenteita, joissa vain toinen
tiosyanaattiligandi on muodostanut halogeenisidoksen rakenteisiin, joissa molemmat SCN-
ligandit osallistuvat halogeenisidoksiin, on osoitettu, ettd niiden rajaorbitaaleista
korkeimman miehitetyn molekyyliorbitaalien (HOMO) energiat ovat hyvin ldhelld toisiaan.
Sitd vastoin alin miehittdmé&ton orbitaali (LUMO) on stabiilimpi [Ru(bpy)(CO)2(S-NCS)2] ¢ I
(4) yhdisteelld, jonka johdosta [Ru(bpy)(CO)2(S-NCS)2]*I> on ainut kokeellisesti saatu
rakenne riippumatta synteesissa kdytetyn I>:n maarasta.

Viitoskirjatutkimuksessa syntetisoitiin uusi kaksihampainen XB-akseptori, 1-(4-
pyridyyli)-tiopyridiini (PTP), jossa on kaksihampainen sp3-S ja yksihampainen sp2-N.
Ty0ssd saatiin kolme kiderakennetta (5-7) kiteyttamalla XB-akseptori p-dijodibentseenin
(DIB), p-DITFB:n, ja jodopentafluorobentseenin (IPFB) kanssa. Rakenteet (5-7) osoittavat
myos XB:n selektiivisyyden rikin ja typen vililld. Tamén tutkimuksen tulokset osoittavat,
ettd XB on kidyttokelpoinen vuorovaikutus, jonka avulla on mahdollista liittdd yhteen
halogeeniligandeja siséltavid yhdisteitd, kuten [Ru(bpy)(CO)2Xz], laajemmiksi verkostoiksi.
Pelkkd halogeenisten tarkastelu ei kuitenkaan riitd selittimddn muodostuvia rakenteita
vaaan kaikki  vuorovaikutukset on otettava huomioon. vuorovaikutuksilla
halogeenisidokset mukaan lukien on my®os vaikutusta kiteiden muodostumiseen.
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1 INTRODUCTION

Halogen bond (XB), one of the noncovalent interactions, has risen to a
prominent role in crystal engineering!-® due to its strong directionality®® and
comparable strength to that of hydrogen bond (HB)!9, another widely utilized
noncovalent interaction in crystal engineering.

XB is defined as a net attractive interaction between an electron-poor
region on a halogen atom (XB donor) in a molecular entity and an electron-rich
region (XB acceptor) on another or the same molecular entity.® A typical
halogen bonded complex is denoted as R-X:-Y, where R-X is the XB donor and
Y is the acceptor. The nature of XB is mainly electrostatic, 113 but charge
transfer, polarization and dispersion forces all contribute to the formation of XB.
14-15

Commonly used XB donors include neutral dihalogens, organic halogens
(C-X, X=Br, I), and halonium ions.® However, due to the redox property of
neutral halogens and sometimes ion-free requirement in a system, organic XB
donors have drawn intensive interests.1®20 The strength of XB donor can be
tuned by introducing substituents of various electronegativities to the moiety
where the halogen atom is. The larger the electronegativity of the substituents,
the stronger the XB donor becomes.

The scale of XB acceptors, compared with that of XB donors, is
significantly broader. Oxygen?!-?4, sulfur?>?” and nitrogen?831, along with halide
anions®, are the widely used XB acceptors. Moreover, phosphorus?? and even
selenium3? have also been reported as XB acceptors.

Though the directionality and the strong strength of XB afford the
predictability in crystal engineering, these features are unable to guarantee the
success of constructing the desired architecture without the inclusion of the
selectivity of XB. Numerous studies have been focusing on competition
between XB and HB.3437 However, very limited researches have been reported
on the choice of XB interactive sites.38
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1.1 The nature of halogen bond (XB)

Extensive studies have confirmed the primary force in XB is electrostatic,34 a
feature of XB acknowledged in the definition of XB proposed by IUPAC.®
Moreover, several other researches have revealed that both charge transfer and
dispersion, along with electrostatic force, contribute to the formation of XB.4-48

1.1.1 Electrostatic force

The electrostatic force model, proposed by Politzer et al. %, is built on the
anisotropic distribution of the electrostatic potential Vi(r) around a halogen
atom (X, X=Cl, Br, I) in a moiety (R-X).

It is commonly accepted that the electrostatic potential of a free halogen
atom at ground state is positive everywhere due to the dominance of the effect
of the nucleus over that of the dispersed electrons.-50 However, when a free
halogen atom (X) interacts through a covalent bond with a moiety (R) of strong
electronegativity to form a new moiety (R-X), the electron distribution around
the halogen atom becomes anisotropic. Such change in electrostatic potential
generates a region of negative electrostatic potential belt around the halogen
atom perpendicular to the R-X axis, leaving the positive region, the c-hole, on
the outmost position of the electrostatic potential surface of the halogen atom
along the R-X axis, shown in Figure 1%°. It is worth mentioning that a XB donor
can simultaneously interact with another XB donor on the negative ‘belt’
surrounding the c-hole, functioning as a XB acceptor.+

-0.00900

-0.00585

=0.00270
0.00045

0.00360
0.00675
0.00930
0.01305

0.01620
0.01935
0.02250
0.02565
0.02880

0.03195
0.035%0
0.03825
004140
0.08455
0.04770
0.05085
0.05400

Figure 1. The molecular electrostatic potential, in Hartrees, at the 0.001 electron Bohr-3
isodensity surface of CFsl. Figure is readapted from Ref. 39. Copyright 2007
Springer.
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A variable temperature (VT) single crystal X-ray analysis of 3, 4-dichlorophenol
and 4-bromo-3-chlorophenol revealed the rapid increase in XB length,
indicating the short-range-effective nature of electrostatic force, and, in turn,
confirming the significance of electrostatic force in XB.>0

Clearly, the existence and the strength of the o-hole dictate the
electrostatic force model.#0 41 The o-hole is the product of the electron
withdrawing competition between the halogen atom X and its connected
moiety R.3 If the electron withdrawing ability of X is stronger than that of R,
the X can lose the c-hole due to the neutralization of the positive electrostatic
potential region by gained electrons from R. Thus, the strength of XB donor is
correlated to the magnitude of the c-hole, which is negatively correlated with
the electronegativity of the X. As a result, the order of XB donor strength is R-Cl
<R-Br < R-1.3%42

This electrostatic force perspective provides sufficient explanations on
strong directionality of XB, which is from the existence of the c-hole and its
peripheral location along the R-X axis on a halogen atom. Moreover, this model
shows that by increasing the electronegativity of the R of R-X, ceteris paribus, the
magnitude of the o-hole on the X increases as well, indicating tunability of the
XB.42 43

Though the electrostatic model successfully explained the directionality
and the strength of XB, this model fails to reason the elongation of R-X bond
once it participates in XB. Besides, this interpretation of XB is insufficient in
some cases where a poor correlation occurs between the strength of XB donors
and the electrostatic potentials. To understand the cause of such “outliers”,
charge transfer has been revealed in some studies as the major cause.>1->

1.1.2 Charge Transfer

Charge transfer (CT), an attractive interaction, is rationalized as the transferring
of electrons from the highest occupied molecular orbital (HUMO) of a XB
acceptor to the lowest unoccupied molecular orbital (LUMO) of the XB donor
upon the formation of a XB. The CT theory was proposed by Mulliken to reason
the UV-vis observations and the polarity of the adducts formed by interactions
between the electron acceptor (dihalogens) and the electron donor (benzene or
oxygen containing organic compounds).5®

The elongation of C-I bond in XB caused by CT was confirmed
experimentally by X-ray analysis of a series of cocrystals with p-DITFB as XB
donor.5! Similarly, the elongation of the C-Br bond was also observed in XB
formed with bromocarbons as XB donor and bromometalates as XB acceptor.>?
In the same study, Rosokha et al.>? noticed that, despite the overlap of LUMOs
and the o-hole on bromocarbons, the overlap of HOMOs and the most negative
electrostatic potential does not exist on bromometalates, and concluded that
such divergence lead to the deviation from linearity of the formed XBs.

The CT contribution in XB was further confirmed in a research featuring
an unexpected trend in the strength of CYsl (Y=F, Cl, Br, I) as XB donors when
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both chloride and trimethylamine are XB acceptors.5® Based on the electrostatic
model, the strength of XB donor reduces from CFsl to Cls upon forming XB
with chloride. However, the interaction energies of the obtained adducts
suggested the opposite trend. Such trend was due to the significant contribution
of CT, which was proven by the strong correlation between both electrostatic
and CT contributions and the interaction energies, and such correlation was
absent when only electrostatic contribution was included. Moreover, another
strong linear correlation was also found between the CT and the total
interaction energies in the study of the nature of XB in 55 adducts, suggesting
the importance of CT in XBs.5* Lastly, the increased negative charge on I5 in the
system of RuX:-Ia-Ig (X=Cl, Br, I) clearly demonstrates the contribution of CT.>°

1.1.3 Dispersion

Dispersion in XB is mainly caused by the high polarizability of both XB donor
and acceptor atoms and the short distance between them, which is shorter than
the sum of van der Waals radii of the two atoms.#

Studies on the strength of XB have revealed the indispensable contribution
of dispersion.5”” % Moreover, the prediction of the existence of adduct
CH5Cl-O=CHz is validated by incorporating dispersion,® which is caused by
the strong polarization of both Cl atom and the O atom, resulting in the c-hole
on the Cl, whose electrostatic potential is negative everywhere around the Cl in
an isolated CH3Cl.0

To conclude, the electrostatic force, to a great extent, dictates the strong
directionality of the XB, meanwhile, both CT and dispersion, together with the
electrostatic force, contribute to the strength of XB.

1.2 XB in Crystal Engineering

The key to utilize XB in crystal engineering is the controllability. Therefore, the
nexus of XB is to ‘match’ the XB donor and acceptor in a desired manner. This
section presents structures in dimensionality —0D, 1D, 2D and 3D — formed
via XB and each dimensional structure is discussed in two parts: metal-
containing systems is firstly reviewed, and then is followed by organic-
compounds-only systems. The dimensionality here refers to the structure
formed via XB only. All the crystal structures use the CCDC code, the identity of
crystal structures deposited in the Cambridge Crystallographic Data Centre
(CCDCQ).

1.2.1 Zero-dimensional System (0D)
In general, a monotopic XB donor with a mono- or polytopic XB acceptor

affords a 0D structure, and vice versa. Meanwhile, the size of both XB donor
and XB acceptor influence the final polymeric structure significantly. When
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both XB donor and XB acceptor are of small size, all the possible XB bonding
sites can be utilized, forming polymeric structure. However, if either XB donor
or XB acceptor, or both, are of large size, due to the tendency to avoid voids of
large volume in crystals, less available XB binding sites will be occupied.6!

1.2.1.1 0-D Metal Containing System (0D MX)

In this system, the XB acceptors are metal complexes and organic halogens (C-X)
are XB donors. Including metal complexes with organic molecules has great
potential in materials with sensing, guest uptake/release, optical and catalysis
properties.62-66

I> is a common XB donor in the MX system. A trimeric structure (Figure 2,
FIQFUG?®) is formed via XB with iodo[phthalocyaninato(2-)]iron (III) (FePcI)
interacting with I, which bridges two FePcl molecules. A isostructural trimer
(Figure 2, EXOXUK®) is obtained from iodo[phthalocyaninato(2-)Jmanganese
(IIT) (MnPcl) interacting with I». The length of I-I bond (drz) in both FIQFUG
and EXOXUK is 2.766A and 2.783A, respectively, longer than that in pure b,
2.715A®. The lengthening of I-I bond suggests the CT contribution to the XB.
Similarly, a trimeric structure (Figure 2, ABAPOJ'®) is afforded via XB from I, a
bitopic XB donor, co-crystallizing with iodo[tri(2-tolyl)phosphine]gold (Au[(2-
MeC¢Hs)sP]I), a monodentate XB acceptor.

FIQFUG
ABAPOJ
Figure 2. Halogen bonded discrete crystal structures, featuring metal coordinated iodo

ligand as XB acceptor. EXOXUK?®8: iodo[phthalocyaninato(2-)Jmanganese and
diiodine; FIQFUG®”: iodo[phthalocyaninato(2-)]iron and diiodine; ABAP-
OJ132: jodo[tri(2-tolyl)phosphine]gold (Au[(2-MeCsH4)3P]I) and diiodine.

Only discrete structures are available in some cases, even though XB donor or
acceptor, or both, are multitopic, due to the occupation of potential XB bonding
sites by HB, hindering the extension of the structure via XB. In the trimmer
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EDIXEU?, Figure 3, only I1 atom of diiodo-[1-(2-N, N-dimethylaminophenyl)-
2, 3, 4, 5- tetramethylcyclophentadienyl]cobalt (III) participates in the XB
formation with I, while I3 of the cobalt complex engages in HB. JOYDIK”,
Figure 3, exhibits such structural limitation as well. Even though both I1 and 12
of [AuDL]* (D=N, N’-dimethylperhydrodiazepin-2, 3-dithione) are potential XB
accepting sites and I5- is able to function as a ditopic XB donor, only a dimmer is
formed between them, as other I atoms participate in HB formation. Clearly, HB
competes with XB and exerts great influence on structure formation.

JOYDIK

EDIXEU

Figure 3. Discrete halogen bonded trimeric structures with halido ligand as XB accep-
tor. JOYDIK":: [AuDL]* (D=N, N’-dimethylperhydrodiazepin-2, 3-dithione)
and I5;; EDIXEU70: diiodo-[1-(2-N, N-dimethylaminophenyl)- 2, 3, 4, 5- tetra-
methylcyclophentadienyl]cobalt and diiodine.

1.21.2 0-D Organic-Compound-Only Systems

Fluorinated halogen containing benzene (C¢FmXn, X=Br, I, n=6-m) is a common
XB donor to form discrete structures with organic XB acceptors. A dimmer
(IWONAL?2, Figure 4) via XB between 4-[(2-hydroxy-3-methoxybenzylidene)
amino] benzonitrile and o-DITFB is formed (di.. 2 3.158A, <cai..n2: 176.58°).
When p-DITFB replaces o-DITFB to interact with the same XB acceptor in
IWONAL?, a trimmer (IWONOZ?, Figure 4) is afforded (di..ns: 3.0534A, <c.
n.ns: 177.95% di.ne: 3.019A, <ci. e 176.45°). The shorter XB distance in
IWONOZ”2 suggests that p-DITFB is a stronger XB donor than o-DITFB. In both
cases, XB takes place on the sp-N.
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Figure 4. Halogen bonded discrete crystal structures featuring sp2-N as XB acceptor.
IWONAL?2: 4-[(2-hydroxy-3-methoxybenzylidene) amino] benzonitrile and
0-DITFB; IWONOZ72: 4-[(2-hydroxy-3-methoxybenzylidene) amino] benzo-
nitrile and p-DITFB.

sp?-N is also found as a XB acceptor with discrete structures. A p-DITFB bridges
two 2-[(1E-[(pyridin-3-yl)imino]methyl]phenol molecules via XB into a trimmer
(ODIQOK?3, Figure 5) (dn2...ii: 2.902A, <ni1..11-c: 169.70°). Interestingly, when the
XB donor changes to m-DITFB, a tetramer ((ODIQIE?3, Figure 5) is harvested via
HO-1 (do1..2: 3.004A, <ot..nc: 172.32°) and N-I (dn2.1: 2.873A, <N2..T1-C:
171.60°). Moreover, when the tritopic XB donor 1, 3, 5-triiodotrifluorobenzene
(sym-TITFB) is introduced to the same XB acceptor, a hexamer (ODIQAW?3,
Figure 5) is obtained via I1--N4 (dn..na: 2.896A, <ca1. na: 173.33°), 12--N2 (dip.. no:
2.932A, <cp.n2: 170.60°), and 1301 (di..on: 3.368A, <cus.on: 149.16°). The
HO-T in both ODIQIE and ODIQAW demonstrates that hydroxyl (-OH), a
common HB donor, can act as XB acceptor as well.

ODIQOK

Figure 5. Halogen bonded discrete crystal structures featuring sp2-N and hydroxyl O.
ODIQIE?3: 2-[(1E-[(pyridin-3-yl)imino]methyl]phenol and m-DITFB;
ODIQOK?3: 2-[(1E-[(pyridin-3-yl)imino]methyl]phenol and p-DITFB;
ODIQAW?3: 2-[(1E-[(pyridin-3-yl)imino]methyl]phenol and sym-TITFB.
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Oxygen atom engaged in XB is not only in hydroxyl but also in carbonyl (C=0)
and ether (C-O-C) groups. IWNOMUE"?, shown in Figure 6, is a trimmer formed
by p-DITFB bridging two 1-4-[(2-hydroxy-3-methoxybenzylidene)amino]phenyl
ethenone through two bifurcated O1--11--O2, where O1 is in the hydroxyl group
and O2 is in the ether group (do1..n: 3.378 A, <o1..n.c: 155.42°% dop..n: 3.218 A,
acceptor in INOMUE, a tetramer is yielded (IWONUF?2, Figure 6) linked by
I1--O3 (dn...03: 2.977 A, <cia...03: 177.73°) and the bifurcated O2--12--O1 (dp...o1:
3.206A, <cr..ot: 152.79°% dn.. oo 3.367A, <crn..o2: 154.04%). Clearly, the
bifurcated XB in both structures are quite similar in both strength and
directionality due to the exact same synthon, containing carbonyl and ether, in
the XB acceptors. Moreover, the shorter distance between O3 in carbonyl and I1
in 0-DITFB indicates that O atom in carbonyl is a relatively stronger XB acceptor
compared with tin hydroxyl and ether. O atom in carbonyl in XB is also found
in trimmer WEDWUA?74, shown in Figure 6, in which p-DBTFB bridges two
lidocaine molecules via Br--O (do.. 5 3.1014, <o__pr.c: 169.86°).

WEDWUA

Figure 6. Halogen bonded discrete structures featuring hydroxyl O and carbonyl O as
the XB donor. IWNOMUE?2: 1-4-[(2-hydroxy-3-
methoxybenzylidene)amino]phenyl ethenone and p-DITFB; IWONUF72: 1-4-
[(2-hydroxy-3-methoxybenzylidene)amino]phenyl ethenone and o-DITFB;
WEDWUA74: lidocaine and p-DBTF.

Sulfur atoms in different synthons are also reported as XB acceptors. HIZQOY?>,
shown in Figure 7, is a trimmer between 1, 4-dithiane and 4-
iodotetrafluorobenzoic acid. In addition, S in thione (C=S) can also form XB.
MIXYUQ, shown Figure 7, is a homomeric dimmer formed by the self-
complementary 3-(3-iodophenyl)-1, 3-thiazole-2-thione.
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Figure 7. Halogen bonded discrete structures featuring sulfur as the XB donor.
HIZQOY?7: 1, 4-dithiane and 4-iodotetrafluorobenzoic acid; MIXYUQ7¢: 3-(3-
iodophenyl)-1, 3-thiazole-2-thione.

1.2.2 One-dimensional System (1D)

The general rule governing the construction of 1-D structure is that such
architecture is achieved through either self-complementary compound, which
contain both XB donor and acceptor sites, or bitopic XB donors and bitopic XB
acceptors.

1.2.2.1 1-D Metal Containing System (1D M-X)

A collection of metal complexes as monotopic XB acceptors with bitopic XB
donors have been reported to form 1D chain structures, in which the monotopic
XB acceptor is capable of forming bidentate XB.77-7? A zigzag chain is formed
through 12--11--13 bifurcated XB (di..1: 3.436A, <p.1..1:176.88° ds. n: 3.578A,
<pms.n: 171.40°) between iodo-triphenylphosphine-gold (I) and diiodine,
ABAPEZ”8, shown in Figure 8. Assemblies with 1D chain structures are also
formed wvia XBs between coordinated Cl or Br, bidentate XB acceptors, and
bitopic XB donors. SEZREX”, shown in Figure 8, is formed through I1--Br1--12
between bromo-dicarbonyl-(cyclopentadienyl)-iron and p-DITFB (dn..sn:
3.311A, <cn..sr1: 172.02°, <n.. Br-re: 107.61° di.. Br: 3.294A, <cx..Br: 175.03°,
<p.Bi1Fe: 109.22°% <p. pn.n: 142.76°). Similarly, SEZQIA”® (Figure 8), the
isomorphic structure of SEZREX, forms 1D zigzag chain as well through
I1--CI1--12 (du...cu: 3.220A, <c.n: 175.76°, <u..cunre: 110.01° du..cn: 3.229 A, <c.
r..cn: 173.38°, <p..cnre: 108.33°). Interestingly, however, in iodo-dicarbonyl-
(cyclopentadienyl)-iron, only a trimmer, SEZRAT?, is obtained with the same
XB donor, despite the two available “docking” sites for the electrophilic I on the
p-DITFB7.
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SEZREX

Figure 8. Halogen bonded chain structures featuring bidentate halido ligand as the XB
acceptor. ABAPEZ78: jodo-triphenylphosphine-gold and diiodine; SEZQIA”8:
chloro-dicarbonyl-(cyclopentadienyl)-iron and p-DITFB; SEZREX": bromo-
dicarbonyl-(cyclopentadienyl)-iron and p-DITFB.

Numerous bitopic metal complexes have been studied to build chain structure
with bitopic XB donors. 8082 A zigzag chain structure (CILZEF?!, Figure 9) is
formed by dichloro-bis(1, 10-phenanthroline)-cobalt (II) interacting with p-
DITFB via I11--Cl12 (dn...c: 3.137A, <ci..cz: 169.66°, <n..crco: 117.18°) and
12--CI1 (dp...cun: 3,145A, <ca2..cin: 172.93A, <n...cn-co: 130.45°). The wide range of
[.-Cl-Co angle and the large deviation from 90° suggests that Cl as an XB
acceptor lacks strong dictation on the directionality of XB, and that is likely due
to the more isotropic negative electrostatic potential distribution around the
CL7 A linear chain (MIRHUT?!, Figure 9) is formed by chloro-[dimethyl
sulfoxide]-[3-(pyridine-2-yl)-1-benzofuran-2-yl]-platinum and p-DITFB through
Cl1-11 (dn...cn: 3.264A, <cn..cn: 174.35A) and O1-12 (do...o1: 2.980A, <cn..or:
155.35°). A “ring-and-stick” chain structure (GABLAX33, Figure 9) is formed
with one dibromo-gold connecting three tris(2, 7-diiodo-1, 6-dithiaprene) via
I1-Brl (dn.pa: 3.301A, <ca.pa: 174.58°) and 12--Br2-13 (dp.me: 3.618A, <c.
1.2 167.91° dis. _pro: 3.536A, <c.i3...pro: 172.86°). In this structure four membered
rings are formed and further extended into a linear structure by the “stick” —
tris(2, 7-diiodo-1, 6-dithiaprene). Some XB acceptors have more than two
docking sites for XB donor, 8 8 but only behave as a bitopic acceptor due to
insufficient space to accommodate more XB donor molecules. KARFEQ?®,
shown in Figure 9, has similar zigzag chain structure to CILZEF8!. However,
only two of the three I atoms in the XB acceptor, (benzo-15-crown-5)-tri(iodo)-
bismuth, engage in XB formation, leaving one I idle.
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MIRHUT

GABLAX KARFEQ

Figure 9. Halogen bonded chain structures featuring bitopic XB acceptors. CILZEF8!:
dichloro-bis(1,10-phenanthroline)-cobalt and p-DITFB; MIRHUTS3!: chloro-
[dimethy] sulfoxide]-[3-(pyridine-2-yl)-1-benzofuran-2-yl]-platinum and p-
DITFB; GABLAXS3: dibromo-gold and three tris(2, 7-diiodo-1, 6-dithiaprene);
KARFEQ?#3: (benzo-15-crown-5)-tri(iodo)-bismuth and diiodine.

In addition, self-complementary compounds are also viable building blocks for
1-D chain structure via XB. Assemblies (LORYIB3¢, Figure 10) of linear structure
is formed via CI1--11 (dcn..1: 3.423A, <cn..1-c:169.47°). Both XB donor I and XB
acceptor Cl are part of the copper complex molecule: dichloride-(2-[(4-
iodophneyl)iminomethyl]pyridine-N, N’-copper (II). Moreover, only one Cl
forms XB in LORYIB is probably due to the limited space caused by the cis-
position of both Cl. Another linear chain structure (PEWHORS®’, Figure 10) is
formed from another copper complex with trans positioned chloro ligand via
two equivalent I-Cl (dci...i: 3.413A, <q1...1.c: 170.09°).

....... " 0)

PEWHOR

Figure10. = Halogen bonded chain structure featuring self-complementary metal com-
plexes. LORYIB®: dichloride-(2-[(4-iodophneyl)iminomethyl]pyridine-N, N'-
copper; PEWHORS”: dichloro-bis(3-iodopyridine)-copper.
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1.2.2.2 1-D Organic-Compound-Only System

Nitrogen containing multitopic XB acceptors have been widely used in
constructing 1D chain structures. 8 A zigzag chain (ANUPUV?, Figure 11) is
constructed with phenazine and o-DITFB via two equivalent NI (dr._n: 3.009 A,
<N...Lc: 169.01°). Assemblies of helix structure (VENRAK®, Figure 11) is formed
with 4, 4/, 47, 4”’-{methanetetrayltetrakis[(4, 1-phnylene)ethane-2, 1-
diyl)J}tetrapyidine (TetraA) and sym-TITFB via I1--N3 (dn...na: 2.741A, <cai. s
176.00°) and 12 N4 (dno..na: 2.768A, <c.p. na: 177.63°). Only two N of the TetraA
participate in XB formation, leaving one N idle and one engaged in HB.
Nicotine and p-DITFB form linear structure (LAZXES®, Figure 11) via I1--N4
(dna..n: 3.015A, <cn. Na: 167.64°) and 12--N3 (dns.12: 2.873A, <cio. na: 174.78°).
Two N at different hybridization state are the XB accepting sites. The much
shorter XB distance on N3 than on N4 indicates sp?-N is a stronger XB acceptor
than sp3-N. The asymmetric ditopic XB acceptor, pentoxifylline, interacts with
p-DITFB, yielding assemblies with wavy chain structure (WEDXIP?!, Figure 11)
via 12-N3 (dr..n3: 2.949A, <cp. ns: 172.21°) and 11--O3 (du..os: 2.934A, <n1._.0s:
170.00°). Here both N and O are in sp? hybridization.

VENRAK

Figure 11.  Halogen bonded chain structures featuring nitrogen and oxygen as XB accep-
tors. ANUPUVZ2: phenazine and o-DITFB; VENRAKS®?: 4, 4’, 4”7, 4""'-
{methanetetrayltetrakis[(4, 1-phnylene)ethane-2, 1-diyl)]}tetrapyridine and
sym-TITFB; WEDXIP!: pentoxifylline and p-DITFB; LAZXES*: Nicotine and
p-DITFB.

sp3-O, sp?-S and sp3-S are all used in 1D structure construction as well. 1, 4-
dioxane, a bitopic XB acceptor, interacts with p-DITFB, forming assemblies
(DIVAO%, Figure 12) with linear structure via NI (dn.r1 2913 A, <n.1ic:
176.55°). In DIVAO the sp3-O is a monodentate XB acceptor. Different from in
DIVAO, in AFUHAN?, shown in Figure 12, each sp3-O is a bidentate XB
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acceptor, interacting with two p-DITFB to form symmetric I.-O-1 (d1..n: 2.662 A,
<cr.N: 176.17°). Similarly, sp3-S is capable of forming XB as a bidentate XB
acceptor due to lone pairs. ANUPIJ%, shown in Figure 12, demonstrates a
ladder structure formed by 1, 4-dithane and p-DITFB via symmetric I-S-1 (d1...s:
3.384A, <ci_s: 164.83°). Furthermore, sp2-S is a bidentate XB acceptor as well,
Thiourea interacts with p-DITFB via I1--S-12 (dn..s: 3.154 A, <cn.s: 178.33%
dp..s: 3.363 A, <crn..s: 175.97°), yielding assemblies of linear structure (OQIJIJ133,
Figure 12).

DIVDAO

\{’(L —@7 s1 ‘;{"/(‘

oQiJuJ

ANUPIJ

Figure12.  Halogen bonded chain structures featuring oxygen and sulfur as the XB ac-
ceptors. AFUHAN?2: 4-phenylpyridine N-oxide and p-DITFBZ; ANUPIJ%: 1,
4-dithane and p-DITFB; DIVDAO%2 1, 4-dioxane and p-DITFB; OQIJIJ133: Thi-
ourea and p-DITFB.

1.2.3 Two- and Three-dimensional Systems (2D and 3D)

A common method to afford high dimensional structures via XB is to increase
the number of interacting sites on both XB donors and XB acceptors. The key to
success of such method is to have functioning sites on each molecule orientated
in a such way that ensures the availability of the desired binding sites. Usually,
the higher the dimensionality is in desire, the more demanding the design
becomes.

1.2.3.1 2D and 3D Metal Complex Containing System (2D and 3D M-X)

When either of the two interacting moieties, or both, forms at least three XBs,
2D architecture is obtained. Diiodine (I2) is a common tecton used in building
2D layered structures due to the two available c-holes on each end of the
extension of the covalent bond and the negative electrostatic potential belt
orthogonal to the covalent bond. AFUSOJ%, shown in Figure 13, demonstrates
the 2D layered structure of square grid type. Each square grid is formed via
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I3--11--12, I1--14, and 1315 (di3...11: 3.585A, <p...1: 174.36°; dp.. 11: 3.272 A, <pa2..I1:
172.42°; du. n: 3.289A, <4..1: 175.53° dis..13: 3.649A, <us..s: 174.40°). It is
worth  noting that I1 of the palladium complex (2, 6-
bis(dimethylaminomethyl)phenyl-C, N, N’)-iodo-palladium (II)) interacts with
three I, simultaneously, and that I, is amphoteric in that it functions as both XB
donor and acceptor. A quasi-honeycomb architecture (ABAPAV?, Figure 13) is
formed by I, interacting with iodo-(triisopropylphosphine)-gold (I) via I1--12
(dn..12: 3.647A, <n..pnc: 174.60°), 1113 (dn..: 3.863A, <n..;aa: 161.69°), and
1114 (dn..wa 3.615A, <n..u13: 167.32°). Clearly, the Au-I1 is a tridentate XB
acceptor, while I; here only behaves as a XB donor.

3

AFUSOJ

ABAPAV

Figure13.  Halogen bonded two-dimensional networks. AFUSOJ%: (2, 6-
bis(dimethylaminomethyl)phenyl-C, N, N’)-iodo-palladium and diiodine;
ABAPAV?#: iodo-(triisopropylphosphine)-gold and diiodine.

3D architecture can be constructed by using octahedral interacting moieties.
DEJCAX?, shown in Figure 14, is a 3D cubic architecture formed by the self-
complementary trans-diiodo-bis(4-iodopyridine)-palladium (II). The Pd
coordinated iodine atom (Pd-I), the XB acceptor, interacts with the pyridyl-I
(py-I), the XB donor, forming Pd-I--I-py (dprd.r...1py: 3.670 A, <i1c 172.06°).
Moreover, Pd-I--1-Pd takes place between adjacent Pd-complex molecules due
to dispersion. Thus, combined with the Pd-I--I-Pd interaction, this palladium
complex can be perceived as a pseudo-octahedral building block. Similarly,
tris(m-3-oxo-1,3-bis(pyridine-4-yl)prop-1-en-1-olato)-iron (III), an iron complex
of octahedral orientation, interacts with the ditopic p-DITFB, yielding a 3D
cadge structure via N--1 (FEZDIA3, Figure 14).
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DEJCAX

FEZDIA

Figure14.  Halogen bonded three-dimensional cage structures. DEJCAX®: trans-diiodo-
bis(4-iodopyridine)-palladium; FEZDIA3#: tris(m-3-oxo-1,3-bis(pyridine-4-
yl)prop-1-en-1-olato)-iron.

1.2.3.2  2-D and 3-D Organic-Compound-Only System

Methods of constructing 2D and 3D architectures in M-X system, to a large
extent, apply to the organic-compound-only system as well. Multitopic sp>-N
containing XB acceptors are ideal building blocks in constructing high
dimensional architectures due to the high controllability afforded by the
monodentate nature of sp?-N.%¢ A 2D layer of square grid pattern (VENPAIY,
Figure 15) is formed with a tetratopic XB acceptor, 4, 4', 47, 4"-
{methanetetrayltetrakis[(4, 1-phenylene)ethene-2, 1-diyl]}tetrapyridine (TPTP) ,
and a bitopic XB donor, p-DITFB, via N1-12 (dn1..12: 2.752A, <n1..p.c: 176.49°)
and N2-11 (dnz.m: 2.925A, <nomc: 176.96°). Thiocyanide anion (SCN-) is
capable of offering three XB interactive sites. AHAJID%, shown in Figure 15, is a
2D layer structure of quasi-honeycomb pattern. In this structure SCN- and sym-
TITFB are connected via 11--S1--12 (dn...s1: 3.288A, <ci.si: 171.75% dio._s1: 3.245A,
<cp..si: 177.07°) and I3--N1(di. n1: 2.929A, <c1s.ni: 176.48°). Another common
type of tectons used in building high dimensional structures is anionic
halogen.® MAHCIJ'%, eliciting herringbone 2D layer structure, shown in Figure
15, is formed by interaction between iodine anions and p-DITFB via I1--14
(d11,,,14:3.628A, <cn..u: 175.85°) and 121413 (d...1: 3.470A, <cr..14:174.80°;
dis._14: 3.535A, <ci3._14: 175.18°). Here the iodine anion is a tridentate XB acceptor.
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Figure15.  Halogen bonded two-dimensional networks. AHAJID®: thiocyanate and
sym-TITFB; MAHCIJ'%: iodine anion and p-DITFB; VENPAI*”: 4,4',4” 4" -
{methanetetrayltetrakis[(4,1-phenylene)ethene-2,1-diyl]}tetrapyridine and p-
DITFB.

The common organic tectons used in building 3D structures are of tetrahedral
orientation. The tetratopic XB acceptor, TPTP, used in VENPAI* interacts with
2, 3, 5, 6-tetraiododifluorobenzene (TIDFB), yielding a network of quasi-
primitive cubes (VENREOY, Figure 16) via I1-N2 (dn.n» 2.814A, <cn.n
171.36°) and 12--N1 (dr2..n1: 2.838A, <c..n1:176.09°). The difference in those two
architectures caused by different XB donors indicates the versatility of TPTP as
a XB acceptor, and that to achieve a desired architecture the right match of
building blocks is vital. Halogen anions, discussed previously, is also a good
candidate for 3D construction, due to the ability to form four XBs orientated in
tetrahedral position. VAPVOY13, Shown in Figure 16, a rhombododecahedron
network, is obtained from interactions between chlorine anion and
tetrabromomethane via Cl--Br (dr...c:3.090A, <c.pr...ci: 174.96°).
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VAPVOY VENREO

Figure16.  Halogen bonded three-dimensional structures. VAPVOY?3¢: chlorine anion
and tetrabromomethane; VENREO”: 4, 4’, 4”, 4”’-{methanetetrayltetrakis[(4,
1-phenylene)ethene-2, 1-diyl]}tetrapyridine and p-DITFB.

1.3 Selectivity of Halogen Bond

The selectivity of XB refers two aspects: first, whether the interactive site
involves in XB or HB; second, the hierarchy of interactive sites in XB formation.
The understanding of the selectivity of XB enhances the predictability in the
construction of architectures, as the choice of those non-covalent interactions
and the interactive sites affects both the conformation of molecules and
consequently the structure of afforded assemblies.3> 40

1.3.1 Competition between XB and HB

Both XB and HB are primarily electrostatic interaction, and share great
similarities in strength and directionality.? 1% Thus, the investigation into the
choice of XB and HB on an interactive site is necessary to avoid “synthon
crossover”.100

Aakeroy et al.? used a series of bromine substituted 2-aminopyrazine
(Scheme 1a) and p-DITFB to construct assemblies of infinite chain structure by
employing both XB and HB. They noticed that the self-complementary homo
synthon N -~H-N (amine) of the 2-aminonpryazine (Scheme 1b) was robust, and
that I-N(pyrazine) was strong enough to compete over the proton on amine
group despite the reduction in electrostatic potential on the N4 caused by the
substitution of bromine. Thus, they concluded that both HB and XB had
geometric bias in that HB preferred two-points interaction while XB chose
single-point one, indicating the role of geometric complementarity in the
competition of XB and HB, a conclusion which was also drawn by
Gunawardana et al.101 from their study on the competition between HB and XB
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using three isomeric 1-(pyridylmethyl)-2, 2’-biimidazole and three
perfloroiodobenzenes (IPFB, p-DITFB, and 2, 3, 5-TITFB) (Scheme 1c). However,
the geometric preference provides little guidance to systems where only one-
point interaction can take place.

~-255kT/mol ~ -245kIfmol ~-240k1/mol
N
? | :
Pl

H

=
=
iy

—H =7

=

= T = =
<\\ \/J\/J N{\\L | =
R HN Ny

L -/
()

N\

b

N

=

Scheme 1.  Schematic structure of 2-Aminopyrazines and the homosynthon. a: 2-
Aminopyrazine, A; 2-Amino-5-bromopyrazine, B; 2-Amino-3, 5-
dibromopyrazine, C; b: homosynthon linked by HB; c: isomeric structures of
1-(pyridylmethyl)-2, 2’-biimidazole.

Focusing on one-point interaction, Nayak et al.192 investigated the hierarchy of
XB and HB with 4-iodophenol as donor and a series of N containing ditopic
acceptors (Scheme 2a). By studying the 9 obtained crystal structures, they
concluded that planar acceptors only formed either HB or XB exclusively, but
that acceptors with twisted conformation formed both HB and XB. Such
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conformation effect was confirmed by the results obtained from the study of
Gamekkanda et al.36. They found that trans-1, 4-bis(iodoethynyl)cyclohexane-1,
4-diol formed both XB and HB with sp>N containing symmetric ditopic
acceptors, whereas the cis form of the diol only afforded HB with the nitrogen
containing acceptors, leaving XB on the hydroxyl oxygen atom of the cis-diol
(Scheme 2b). Clearly, the conformation of acceptor molecules influences
significantly the choice of the type of non-covalent interaction, but no clear
preference was indicated regarding the acceptors of the same conformation.

4-iodoophenol

a

/4,4‘-hipyridine
= |~
F N*‘QN N
& T 4 4'-azopyridine
N N
L0 Q)
N/ M

phenazine

DABCO 1 2-bis(4-pyridyljethene

Scheme 2.  Schematic structure of donors and acceptors used in study of the competition
of XB and HB. a: 4-iodophenol and nitrogen containing molecules. b: trans-
and cis-1, 4-bis(iodoethynyl)cyclohexane-1, 4-diol.

To further understand when XB prevails in competition with HB, Aakerdy et
al.3* used a group of phenyl-containing molecules with both XB (Br, I) and HB
donors (-COOH, -OH, -CH=NOH) to co-crystalize with various monotopic,
symmetric ditopic, and asymmetric ditopic acceptors (sp?-N, sp?-O, and sp3-O).
With the obtained 24 crystals, differences in electrostatic potential between the
HB donor and the XB donor (Q value) were calculated and correlated to the
selectivity between HB and XB. They found that: a) HB was present in all the 24
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structures and XB was in only 13, and thus, HB was more competitive than XB;
b) in structures involving monotopic and symmetric ditopic acceptors where
both XB and HB formed, the average Q value was 142 kJ/mol, while in the
structures where only HB was present, the average Q value was 175 kJ/mol.
The Q value was further validified by correctly yielding 16 synthons out of 18
structures.3* Clearly, the Q value provides a straightforward and applicable
guide. However, it does not indicate any preferences for interactive site when
only one type of non-covalent interaction takes place.

1.3.2 Selectivity of the XB Interactive Site

In cases where several XB interactive sites are available on one acceptor,
sometimes puzzles can arise which site will engage in the formation of XB.
Aakeroy et al.¥3 confirmed the applicability of Etter’s best donor-best acceptor
rule in XB by calculating the electrostatic potentials on interactive sites of
obtained co-crystals from a series of biimidazole as XB acceptor and phenyl
containing halogens as XB donor (Scheme 3). Moreover, the importance of
electrostatic potential in predicting the XB location was revealed and addressed.
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11"-bis{pyridin-4-ylmethyl)-2 2"-biimidazole 1. 1"-bis{pyridin-3-ylmethyl)-2 2"-biimidazole
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Scheme 3.  Schematic structure of halogen bond donors and acceptors used in the stud-
ies of halogen bond selectivity by Aakeroy ef al. a: N-(pyridinylmethyl)-2, 2’-
biimidazole acceptors; b: phenol containing donors.
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To further prove the pivotal role of electrostatic potential in the selectivity in XB,
Aakeroy et al.1% used fluoro-aliphatic organic halogens (Scheme 4) as the XB
donor to co-crystalize with the same biimidazole XB acceptors in Scheme 3. The
calculated electrostatic potentials yielded the same conclusion that the best XB
docking site for XB donor was the pyridyl-N, which was of larger electrostatic
potential than the imidazole-N.

F
! F F F E F F F F F
E [
F F !
| F
I
2 F F F F F F F F F

Scheme 4.  Schematic of aliphatic halogen bond donors.

Similar to Etter’s best donor-best acceptor rule, the hard-soft acid-base (HSAB)
theory was proposed to predict and explain the selectivity of XB. This theory
stresses that when several XB acceptors are available, the soft ones (atoms
which are large and strongly polarizable) are the preferred XB acceptors.
Cauliez et al.38 noticed the prevalence of S in all the 6 crystals obtained from
SCN- and perfluoroiodobenzenes (0-DITFB, m-DITFB, p-DITFB, sym-TITFB).
HSAB was employed to reason the stronger competitiveness of S than that of N:
the soft S was the preferred XB acceptor when soft [ was the donor. Moreover,
they found that adjusting the strength of XB donors was effective in
differentiating the XB accepting ability of S and N. Such application of HSAB to
XB was later supported by Riel et al.1%, who investigated the halogen bond
HSAB complementarity experimentally by co-crystalizing SCN- with a
bisethynyl benzene containing bitopic XB donor (Scheme 5) in methane and
DCM, respectively. They argued that when both strong XB donor and strong
HB donor were present, the soft S engaged in XB and the hard N formed HB,
but that when only XB donor was available without the presence of strong HB
donor, both N and S were able to form XB.



33

Scheme 5.  Schematic structure of 4, 4'-[1, 3-phenylenebis(ethyne-2, 1-diyl)]bis(3-iodo-1-
methylpyridine-1-ium).

1.4 Aim of the Study

The aim of the study was to utilize halogen bond as the primary force in crystal
engineering. In our previous work I was used to bridge [Ru(bpy)(CO)2Xz]
(X=Cl, Br, I) compounds (Scheme 6a).5¢ However, due to the redox property of
I, organic iodine in some cases is a better choice. Thus, a more predictably
behaved bitopic XB donor, p-DITFB, was used to investigate the construction of
extended metal structures using [Ru(bpy)(CO)2Xz] as the XB acceptors and the
formation of XBs with the zwitterionic XB donor, 1-(4-pyridyl)-4-thiopyridine
(PTP).

Previous studies'®>1% have reported that the S coordinated thiocyanate
was able to form XB while the thiocyanate N was mostly involved in either
HB103,105 or coordinating to a metall%4 105107 Therefore, it was of great interests
to investigate the XB preference from an energetic perspective in the system of
[Ru(bpy)(CO)2(S-NCS).] (Scheme 6b) and L.

Multidentate XB acceptors are the key tectons for high dimensional
structures. SCN- is an excellent building block for such purpose: the sp3-S is a
bidentate XB acceptor and the N assures 1:1 interaction ratio to XB donor.
However, using SCN- as the XB acceptor can result in introduction of undesired
cations into the system. Thus, PTP, a neutral zwitterionic compound (Scheme
6¢), incorporating of both a sp3-S and a sp?-N, was synthesized to avoid such
problem. Moreover, the location of S and N on each end of the PTP molecule
enables a better study of the selectivity of XB between S and N without the
influence of resonance effect which can happen on SCN-38 To avoid strong XB
donor “covering up” the difference in XB accepting ability of S and N, a series
of XB donors with different strength (Scheme 6d) was used in this study.
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Scheme 6.
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Schematic structures of halogen bond donors and acceptors used in this
study. a: [Ru(bpy)(CO)2X2] (X=CI, Br, I); b: [Ru(bpy)(CO)2(S-NCS).]; c: PTP, d:
halogen bond donors.



2 EXPERIMENTAL

2.1 Synthesis

Both [Ru(bpy)(CO)2X2] (X=Cl, Br, I) and [Ru(bpy)(CO)2(S-NCS)] were
synthesized according to previous studies.!0-112 All the XB donors were
commercially available and used as received. Slow evaporation at room
temperature was used to harvest single X-ray suitable crystals.

1-(4-pyridyl)-4-thionpyridine (PTP) Zwitterion. 4-Mercaptopyridine of
100 mg was heated at 67°C for 16 hours with constant stirring. Then the orange-
yellow powder was dissolved into boiling water of 5mL. The solution was
adjusted to pH 10 with saturated NaOH aqua solution and was filtered. The
tiltrate was extracted with dichloromethane (6x10mL). The organic phase was
reduced to 5mL by rotary evaporation. The reduced solution was purified
through a chromatography column with acetonitrile as the eluent, and then was
vacuumed dry. The obtained PTP is pale greenish yellow solid. The yield is
16.1%. mp: 155.3-157.1°C.

2.2 Characterization

Single X-ray diffraction was used to determine all the crystal structures. All the
crystallization was not optimized to maximize the yield, as the main purpose
was to investigate the primary products. Melting point of the newly
synthesized PTP was measured and the differential scanning calorimetry (DSC)
data was also obtained in the study of XB selectivity when PTP was the XB
acceptor.
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2.3 Computational Details

The interaction energy and the frontier molecular orbitals were calculated to
gain insights into the S as the preferred XB acceptor over N in [Ru(bpy)(CO)2(S-
NCS)]. The geometry of the obtained [Ru(bpy)(CO)2(S-NCS)]el> was optimized.
All the models were calculated with Gaussian 09 program package!l® at the
density function level of theory (DFT) with a hybrid functional PBE0"4. The
DFT wavefunctions were used for the topological charge density analysis with
the Quantum Theory of Atoms in Molecules (QTAIM)!15, which was performed
with AIMALL program?7e.



3 RESULTS AND DISCUSSION

The relative strength of XB is often presented using the halogen bonding
interaction ratio, Rxs, defined as Rxs=dxs/(Xvaw + Bvaw), where dxs is the
distance between XB donor X and XB acceptor B in A (Bondi vdW radii are
used to describe Xvaw and Bvaw).1'%121 A smaller value of Rxp indicates a
stronger XB.

3.1 Assemblies of Ru(bpy)(CO)2Xz2 (X=Cl, Br, I) and DITFB (Paper
1)

The key structural parameters of the XBs are listed in the three structures
[Ru(bpy)(CO)2Cl2]eDITFB 1), [Ru(bpy)(CO)2Br2]eDITFB 2), and
[Ru(bpy)(CO)2l2]eDITFB (3) in Table 1.
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Table 1. Halogen bonds in 1-3 and in [Ru(bpy)(CO)2Xz]el> from Reference 56.
Compound Ru-X-1 (A) C-I--X (°) M-X-1 (°) Rxs
1 3.1790(8) 170.60(9) 114.94(3) 0.85
2 3.3191(4) 171.34(10) 112.108(14) 0.87
3 3.5301(3) 177.66(13) 96.672(9) 0.89
Reference 56 Ru-X-1(A) I-1-X (°) M-X-1 (°) Rxp
Cl-I, 3.0421(3) 174.566(8) 115.76(1) 0.82
Br-I, 3.2938(4) 170.28(1) 101.3(1) 0.86
Br-I, 3.3627(3) 173.80(1) 102.27(1) 0.88
Br-I, 3.2381(3) 175.405(9) 101.66(1) 0.85
Br-L, 3.3001(3) 174.164(9) 102.57(1) 0.86
I-I 3.1984(3) 177.941(7) 97.91(1) 0.81
I-I 3.7984(3) 152.083(6) 104.26(1) 0.96
I-I, 3.2553(13) 172.75(2) 97.81(2) 0.82
I-I 3.4108(15) 166.50(2) 98.90(2) 0.86

Cocrystals 1-3 demonstrate 1D chain structure via XB where p-DITFB is the
symmetric XB donor linking the ruthenium complexes in all the three structures.
1 and 2 are isomorphs, showing zig-zag chains (Figure 17), while 3 shows linear
chains (Figure 18). In 1 and 2, p-DITFB is located at an inversion center, and in 3
the XB donor is situated in a mirror plane. Similarly, the ruthenium atoms in 1
and 2 are placed in a two-fold rotation axis, but the metal center in 3 is in mirror
plane. Such symmetry means that the distance between the two I atoms of p-
DITFB to the halido ligand of the ruthenium complex are equal in all assemblies
due to the unchanged behavior of the second I atom in p-DITFB when the first I
atom forms XB.
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Figure17.  Crystal structure of [Ru(bpy)(CO)2Cl2]ep-DITFB (1). a: Cl- I interaction; b:
zig-zag chain structure; c: packing along the crystallographic c-axis.

The halido ligands in both 1 and 2 are engaged in the XB formation, yielding M-
Cl--T and M-Br--1, respectively (dm-ci...i: 3.1790A, <cl..1c: 170.60°, <m.cr.1: 114.94°;
dnipr i 3.3191A, <pr1c: 171.34°, <mpr..i: 112.108°). Clearly, the angle of M-X--1
in 1 and 2 deviates from 90°, indicating a relatively weak electron density
redistribution towards the area perpendicular to the M-X. p-DITFB are stacked
through n-n interaction between the aromatic rings. The shortest carbon-carbon
distance between neighboring p-DITFB ranges from 3.178A to 3.358A in 1 and
from 3.165A to 3.685A in 2. Moreover, voids are formed in both 1 and 2 (259 A3
in1,310 A3 in 2), which are filled with disordered solvent molecules.

Ditferent from 1 and 2, 3 only has one of the two iodio ligand (I1) involves
in the XB. The bidentate I1 bridges two p-DITFB molecules (dw.1..1: 3.53014, <i_1.
c: 177.66°, <m1..1: 96.672°). Clearly, the angle of M-X:-I in 3 is significantly closer
to 90° than that in 1 and 2, due to the stronger polarizability of iodo ligand than
bromo- and chloro ligand. The neighboring chains in 3 are further connected via
F--O interaction without any significant voids formed.
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Figure18.  Crystal structure of [Ru(bpy)(CO).L2]ep-DITEB (3). a: I--I interaction; b: Chain
structure of 3 via I--I and O--F.

Compared with XBs in [Ru(bpy)(CO)2Xz]el, 1-3 illustrate geometric differences
in XBs. Based on Rxp values of 1-3, a clear trend of the XB strength is observed:
X=CI>Br>I. Such order was also noticed in the system of halogen containing Pd
pincer complexes with [>.121 However, in the [Ru(bpy)(CO)2Xz]el> system,> this
trend is less obvious and is in the order of X=I>CI>Br. That is probably caused
by the increased charge transfer between iodo-ligand and I, resulting in more
electron sharing between them, while in the cases of chloro- and bromo ligands
electrostatic interaction is still dominant. Similarly, in [Ru(dcbpy)(CO)2lz]el2,122
the Rxg value is in the range from 0.79 to 0.82, smaller than that in 3, indicating
once again the increased electron sharing between the XB donor and acceptor.
In system of [Ru(CNR)sXz]el> (X=Cl, Br, I),123-12¢ Rxg of Ru-Cl--1I is between 0.78
and 0.85, for Ru-Br--1 is 0.84, and for Ru-I--I ranges from 0.79 to 0.84. Clearly,
the trend of Rxp in this system is not as obvious as in 1-3. When other
electrostatic dominant systems are inspected and compared with 1-3, the Rxs
values are almost equal regardless of the metal center.6> 121

3.2 XB Preference for S over N in Thiocyanate Ligand (Paper I)

The asymmetric unit of cocrystal of [Ru(bpy)(CO)2(S-NCS)]el> (4) contains two
Ru(bpy)(CO)2(S-NCS)2 molecules and two I molecules. A dimeric structure
(Figure 19) is formed via S1-11 (ds..1: 3.146A, <s_i1: 172.87°, <Rus..1: 107.62°).
Different molar ratios of the ruthenium complex to I were used for co-
crystallization (1:1, 1:2, 1:5, 1:10); however, only one structure was observed
with the ruthenium coordinated S as the XB acceptor, despite the fact that the
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N-end of SCN is more sterically free, indicating the soft S is the preferred XB
acceptor. Moreover, in the obtained structure only one -SCN ligand is engaged
in XB, leaving the other one free, regardless of the amount of I, used. Therefore,
the packing effects (other weak interactions) may play a major role in the
crystalline product formation.

Figure19.  Crystal structure of [Ru(bpy)(CO)2(S-NCS)2]el> (4).

To further confirm that packing effect is the major contributor to the crystal
structure formation, a computational analysis was performed. The geometry of
[Ru(bpy)(CO)2(S5-NCS)2], the S--I adduct, and the NI adduct were optimized
using DFT technique. The selected bond distance and the AIM parameters are
shown in Figure 20.
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Figure 20.  Optimized structure of models. a: [Ru(bpy)(CO)2(S-NCS).]; b: structure with
S-I contact; c: structure with NI contact.

The geometric differences between the computational structures and the
experimentally obtained ones are caused by the overestimation of charge
transfer in gas-phase calculations, which in fact enables to reveal the differences
in the I-S and I-'N interaction energies and properties without the inference of
any packing effects. The AIM defined atomic charges are listed in Table 2.
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Table 2. Atomic charges according to the AIM analysis for Ru, I, N, and S atoms in the
different configuration of the [Ru(bpy)(CO)2(S-NCS)2]el>

Atom* [Ru(bpy)(CO)2(S-NCS), I--N I-S
q(Ru) 0.949 0.951 0.949
q(81) 0.12 0.163 0.146
q(S2) 0.113 0.121 0.123
q(N3) 1198 1.231 10166
q(N4) 1191 1.184 10.180
q(1) _ 0.095 0.008
q(12) _ -0.156 0135

*: Numbering Scheme is the same as in Figure 19.

Clearly, the “hard” N induces more effective polarization of I than the “soft” S
does, generating larger charge difference between I1 and I2: 0.251 in N--I and
0.143 in S--1. The ratio of potential energy density and kinetic energy density,
|V|/G, at the bond critical point indicates the nature of the interaction. If
|V|/G > 2, the interaction is covalent; if |V|/G <1, the interaction is
electrostatic.’?>127 The value between 1 and 2 suggests both electrostatic and
charge transfer take place. Moreover, the delocalization index €, another
parameter defining the nature of contact, describes the extent to which electrons
are shared. The value of Q is 0 for electrostatic interaction and 1 for covalent
bond. These two parameters of adduct S-1 and N-I differ marginally,
suggesting XB in both adducts are of the same nature: primarily electrostatic
interaction with minor covalent character.

The difference in interaction energies, E(int), between the NI adduct and
S-I adduct is only 11 kJ/mol, which can be easily overcome by other
noncovalent interactions in the crystal. Based on the value of E(int), N T adduct
is energetically more favorable. However, none of those computational results
can negate the existence of the observed S-I adduct. On the other hand, both
structures should be possible based on the computational analysis. Thus, the
cause of the S I adduct to be the only experimentally available product is the
packing effect, i.e. other type of non-covalent intermolecular interactions.
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Figure 21.  Optimized structure of crystals with both thiocyanate ligands involved in XB.
a: doubly interacting crystals with S--I contacts; b: doubly interacting crystal
with NI contacts.

To investigate whether energy barrier is the cause of the absence of the second
SCN ligand involved in XB, computational analysis was performed on
[Ru(bpy)(CO)2(S-SCN)]e2I> adducts (Figure 21). But the results indicate that to
have both SCN ligand participating in XB is possible, regardless of the
interaction site. The frontier molecular orbitals (FMOs) of [Ru(bpy)(CO)2(S-
SCN)Jel> and [Ru(bpy)(CO)2(S-SCN)]e2I, (Figure 22) provide the explanation.
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The HOMOs of the doubly interacting adduct are comparable to that of the
singly interacting one. However, the LUMOs of the adduct with both SCN

forming XB, regardless N or S, are stabilized, resulting in reduced overall
stability.

complex S.
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Figure 22.  Frontier molecular orbitals (FMOs) of [Ru(bpy)(CO)2(S-NCS)a], the singly
interacting adducts, and the doubly interacting adducts.
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3.3 Zwitterion PTP as XB Acceptor (Paper I1I)

Three crystals were obtained from co-crystallization of PIP and three XB
donors: PTPeDIB (5), PTPep-DITFB (6), and PTPeIPFB (7). The key structural
parameters of halogen bonds in 5-7 are listed in Table 3.

Table 3. Halogen bonds in 5-7
Crystals I-A d(L...A) A <C-I..A° Rxp
5 [-N 2.968(3) 177.01(9) 0.839
6 I1--N2 2.845(6) 171.4(2) 0.806
12.--N4 2.915(6) 176.7(2) 0.826
I3--51 3.096(1) 174.6(1) 0.819
I6--S1 3.215(1) 171.8(1) 0.851
14--S2 3.137(1) 172.6(1) 0.830
I5--52 3.300(1) 171.7(1) 0.873
7 I1--S1 3.1224(8) 175.47(7) 0.826
12--51 3.1122(8) 176.9(1) 0.823

In 5 (Figure 23) the N atom of PTP forms XB with one I atom of DIB (dn...i: 2.968
A, <ci.n: 177.01°). The DIB acts as a symmetric XB donor, linking two PTP
molecules on N. The S atom in PIP forms three weak HBs with two
neighboring PTP molecules and an adjacent DIB molecule (ds...cs: 3.808A, <cs.
1..s: 155.3% ds_.c7: 3.795A, <c711..s: 164.97°; ds.c12: 3.712A, <c1a11..s: 136.09°).

Figure 23.  Crystal structure of PTPeDIB (5).
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In 6 (Figure 24a) both N and S are involved in XB formation. One p-DITFB
molecule bridges two PTP molecules via N1 (dn2...n: 2.845A, <cai..N2: 171.4°;
dna.. 120 2. 915A <can..Na: 176.7°). Meanwhile, S of PTP functions as a bidentate
XB acceptor, binding two other p-DITFB molecules (dsi..15: 3. 096A, <cus..st:
174.6% dsi..16: 3.215A, <cie.si: 171.8% dso.a: 3.137A, <cu.s: 172.6% dsa. 15
3.300A, <cus...: 171.7°). Additionally, S1 forms S1--H-C (ds1...c: 2.929A, <¢1._n.c:
162.89°) with a neighboring PTP molecule and 14 is involved in HB formation
with an adjacent PTP molecule (du..c: 3. 927A, <1.m.c: 136.98°). Furthermore,
through the NI and the bifurcated S--I halogen bonds twelve membered rings
are formed, yielding a wavy 2D network with S as the node (Figure 24b). The
2D network is further expanded into five folded interpenetrated 3D network via
F-H, F-C, and S-H with neighboring units. No solvent occupied channels are
formed despite the presence of CH2Cl; in the structure.

Figure 24.  Crystal structure of PTPep-DITEB (6). a: N1 and S-I; b: extended 2D net-
work. Solvent molecules CH>Cl, are omitted for clarity.

In 7 (Figure 25) the S atom of PTP forms a pair of bifurcated XBs (dsi...1i: 3.12244,
<ca. st: 175.47°% dsa.. .z 3.1122A, <cpo. st 176.9°). The N atom of PTP is involved
in the formation of HB with two adjacent PTP atoms (dn...c2: 3.423A, <N...H-C2:
132.55% dn...co: 3.259A, <n..m.co: 117.59°% dn...ca0: 3.250A, <n..1w.ci0: 117.38°). The
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relatively large deviation of the three N--H from 180° is probably due to the
dispersion interactions, which impacts the geometry of HB in bulky systems.1?8

Figure 25.  Crystal structure of PTPeIPFB (7).

The strength of XBs in 5-7 are compared with previously reported ones in
similar synthons with a CCDC survey (C=N, sp3-5-C, no organometallic
complexes, dN,,,1<3.53A, and ds,,,1<3.78A, CSD version 5.41, Nov. 2019). The
median of dn.1 from the survey is 3.050A, longer than the length of N-I
ranging from 2.845A to 2.968A in 5-7. Similarly, the median of ds._1from the
survey is 3.668A, much longer than the length of S-1 in the range of 3.096 and
3.330 in 5-7. Thus, both NI and S-1 in 5-7 are stronger than most reported ones,
indicating that PTP is capable of forming robust XBs with its acceptor atoms.

The Rxs of NI in 5 is 0.839, while the Rxg of the two N--I in 6 are 0.806
and 0.826, respectively, suggesting that DITFB is a stronger XB donor than DIB.
Moreover, the average dsi...1 is 3.117A and the average ds>..1 is 3.219 in 6, while
the average dsi..1in 7 is 3.117A. Clearly, the S-1 in 7 is stronger than that in 6,
revealing IPFB is a stronger XB donor than p-DITFB. The strength of XB donors
is ranked in the order: DIB<p-DITFB<IPFB. Such result is expected as the I atom
is surrounded by the strongest electronegative environment in IPFB and by the
weakest in DIB.

In 5 only N participates in XB formation, while in 7 only S does. Different
from 5 and 7, 6 has both N and S are involved in XB. A clear selectivity in XB
formation is demonstrated. HSAB theory has successfully explained the
selectivity in XB; however, it fails in this case as the hardest I in IPFB chooses
the soft S instead of the hard N. In fact, the I is still soft in nature, especially
compared with N, despite that the I is in a stronger electronegative
environment in IPFB than in p-DITFB and DIB. Thus, the selectivity of XB is
probably mainly under the influence of other noncovalent interactions.
Hirschfeld surface analyses!?*130, a method to inspect the interactions in
molecular packing and comparison of crystal structures, was used to estimate
the contribution of XB to the total molecular interaction. CrystalExplorer 17.5131
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was use to gain insight into the contribution of XB to the Hirshfeld surface,
which is summarized in Table 4.

Table 4. Contribution of XBs to Hirshfeld surfaces in 5-7
Cocrystals XB Contribution %
1 N-1 2.1
2 N--I 3.2
2 S-1 3.4
3 S-1 52

The XB contribution to the Hirschfeld surface is less than 10% in 5-7, indicating
that it is not the major crystal stabilizing force. The DSC measurements (Table 5)
support the conclusions as well: DIB, the weakest XB donor, forms the most
thermally stable crystal 5, whereas IPFB, the strongest XB donor, yields the
most thermally unstable 7, suggesting that other types of noncovalent
interactions are the prominent ones in these crystals.

Table 5. DSC measurements of 5-7

Crystals 5 6 7
T./°C 127.67 114.46 85.36
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SUMMARY

This work aims at using XB in crystal engineering and investigating the
selectivity of XB between the soft XB acceptor S and the hard N. A series of
[Ru(bpy)(CO)2Xz2]ep-DITFB (X=Cl, Br, I) were crystallized and analyzed. Both
[Ru(bpy)(CO)2CL2]Jep-DITE (1) and [Ru(bpy)(CO)2Brz2]ep-DITFB (2) form
isomorphic zig-zag chain structure, and further expand via m-m interaction
between neighboring p-DITFB molecules into 3D network with solvent
occupied voids. In 1 and 2 both halido ligands, as monodentate XB acceptors,
are involved in the XB formation. Differently, in [Ru(bpy)(CO).l2]ep-DITFB (3)
only one of the two ruthenium coordinated iodine atoms are engaged in XB,
connecting two p-DITFB molecules and forming linear chains, which are further
linked via F--O contacts. Furthermore, when compare the series 1-3 with
corresponding series with I» as the XB donor, differences due to the XB nature
are surfaced in respect to the symmetry and XB bond strength. When I» as the
bridging XB donor, the second XB bond is influenced by the first one, as charge
transfer overtakes the electrostatic interactions as the major force. whereas
When p-DITFB replaces I, electrostatic force is prominent, forming more
symmetric XBs. Therefore, in the series of 1-3 the XB acceptor strength is in the
order of Ru-CI>Ru-Br>Ru-1.

The preference of XB for S atom over N atom in thiocyanate ligand in
[Ru(bpy)(CO)2(S-NCS)2] was studied by crystalizing the ruthenium complex
with I. Only one of the two sulfur coordinated SCN ligands participates in XB
formation on the S atom, leaving the less steric hindered N free, yielding
[Ru(bpy)(CO)2(S-NCS)2]el> (4). However, the computational analysis indicates
SCN- I, is slightly more energetically favorable than NCS-1, revealing that
packing effect dictates the XB preference for S over N. The FMOs shed lights to
the absence of [Ru(bpy)(CO)2(S-NCS)2]e2l, though energetically possible. The
LUMO of the doubly interacting adduct is of lower energy than that of the
singly interacting one, while the HOMO of both type of adducts are almost
equal, and thus, the stability of the doubly interacting adduct is reduced.

To leverage the bidentate feature of sp3-S and the controllability of sp>-N
as XB accepting atoms and to avoid the introduction of undesired cations when
SCN- as XB acceptor, a neutral zwitterionic XB acceptor, PTP, was synthesized
for such purpose. Three crystals (5-7) were obtained with DIB, p-DITFB, and
IPFB as XB donor, respectively. Strong XBs are formed in these three crystals,
demonstrating PTP is a robust XB acceptor. A 2D wavy network structure of 6
was formed with the symmetric bitopic XB donor, p-DITFB. The selectivity of
XBs in this series was investigated with Hirschfeld surface analyses and DSC
measurements. The minor contribution of XB to the Hirschfeld surface and the
reversed thermal stability with respect to the XB strength suggest that other
noncovalent interactions are the major factors determining the final
arrangement of the molecules.
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All in all, this work demonstrates that both [Ru(bpy)(CO)2Xz] (X=Cl, Br, I)
and zwitterion PTP are able to form extended structures with p-DITFB.
Moreover, the study on the selectivity of XB regarding S and N indicate that a
holistic view must adopted in building a supramolecular architecture. However,
the challenge lays in the prediction of the dominant noncovalent interaction,
which hampers the controllability of supramolecular construction.
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the metal coordinated S atom of one of the thiocyanate ligand. The dangling nitrogen atoms were not
involved in halogen bonding. However, computational analysis suggests that there are no major ener-

getic differences between the NCS--:I; and SCN---I, bonding modes. The reason for the observed
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NCS- - -I; mode lies most probably in the more favourable packing effects rather than energetic prefer-
ences between NCS---I; and SCN---I, contacts.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Halogen bond (XB) refers to non-covalent interactions between
a polarised halogen atom with its electron-poor region (Lewis acid)
and an entity (molecule, atom, or anion) with an electron-rich re-
gion (Lewis base) [1]. In this context the Lewis acid is called XB
donor and the Lewis base as XB acceptor. Halogen bond as a tool for
crystal engineering has attracted increasing interests since 1990s,
due to its comparable bond strength to hydrogen bond, strong
directionality, and more hydrophobic nature compared with
hydrogen bond [2—11]. Most commonly used XB donors are organic
halogen compounds but entities such as dihalogens or halonium
ions can also act as donors [1]. Typically, XB donors follow a general
rule that the more easier polarizable halogen atoms tend to form
stronger the XB bonds.

In principle, any Lewis acid can act as XB acceptor. A variety of
molecules with different electron donor atoms including oxygen,
sulphur, nitrogen, and selenium as well as organic molecules with
T-system have been reported as useful XB acceptors. In addition,
metal complexes with suitable ligands, such as halogen atoms
[12—14] or pseudohalogen groups [14—16], can also serve as XB
acceptors. Thiocyanate ion is basically ambivalent ligand that can

* Corresponding author.
E-mail address: matti.o.haukka@jyu.fi (M. Haukka).

http://dx.doi.org/10.1016/j.solidstatesciences.2017.06.016
1293-2558/© 2017 Elsevier Masson SAS. All rights reserved.

coordinate both through its nitrogen and sulphur atoms. Therefore,
SCN™ ion as well as metal coordinated SCN—ligand can be involved
as acceptor in halogen bonds that can be rationalized by c-hole
theory [6]. Thiocyanate can also participate in halogen interactions
in which the donor-acceptor nature of the participating compo-
nents is less obvious [17—29]. In principle both N, S ends of the
thiocyanate can serve as halogen bond acceptor [17]. It has been
suggested that the soft-hard nature of the two terminal atoms may
play a significant role in formation of halogen bonds. It means that
the soft sulphur end favours soft halogen bond donors such as
iodine [17].

It is obvious that nitrogen-coordinated thiocyanate can only
form halogen bonds through its sulphur atom since in this case the
nitrogen atom is no longer available for further interactions. Adduct
between [Ru(dcbpy)2(N-NCS),] and I is a good example of such a
case [16]. It also shows that sulphur can be involved in more than
one XB simultaneously. There are some previous examples where
S-coordinated thiocyanate forms a halogen bond or halogen in-
teractions with soft halogen bond donor through its softer sulphur
atom despite the sulphur is coordinated to a metal [28,29]. How-
ever, in most of these cases the thiocyanate nitrogen is either co-
ordinated to another metal centre [28] or involved in hydrogen
bonding [29].

In the current paper we investigated halogen bonding prefer-
ences of S-coordinated thiocyanate by co-crystallising [Ru(b-
py)(CO), (S-NCS),] with very soft halogen bond donor I,. Energetics
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and both possible halogen bond contacts, NCS--+I; and SCN---I;,
were compared by computational QTAIM method [30].

2. Results, discussion
2.1. Crystals of [Ru(bpy)(CO)2(S-SCN)z]-I5 (S---1)

Co-crystallisations of [Ru(bpy)(CO),(S-SCN),] with I, from
CH,Cl, were carried out by using different molar ratios of the metal
complex and I (1:1, 1:2, 1:5, 1:10). In all cases the only observed
crystalline product was an adduct where iodine formed halogen
bond through sulphur (Fig. 1). This happened even if the N-end of
SCN had more sterical freedom for halogen bonding than the Ru
coordinated S atom. Such results indicate a clear preference for
soft-soft I---S contacts over soft-hard I---N interaction. On the other
hand, the fact that only one of the thiocyanates was halogen
bonded even if the amount of I, was increased 10-fold, may indicate
that packing effects (i.e. other weak interactions) actually play a
pivotal role in formation of the primary crystalline product.

In the structure shown in Fig. 1, the iodine atom I1, acts as XB
donor and the sulphur atom, S1, as XB acceptor. As mentioned
above, the other thiocyanate sulphur S2 is not involved in halogen
bonds. Similarly, only one end of I, participates in XB contacts. The
S1---11 distance is 3.146(2) A, which is about 83% of the sum of
Bondi's van der Waals radii of [ and S [30]. The angle 12-I1---S1 is
nearly linear (172.87(4)°) as expected in a XB system with I, donor.
The Ru1-S1---11 and Ru1-S1-C3 angles of 107.62(6)° and 103.5(2)°
are in line with bonds and contact angles found in compounds that
contain ruthenium coordinated SCN ligands [32—36].

2.2. Topological QTAIM charge density analysis

The goal was to study if the soft-soft I---S halogen bond is
energetically favoured over soft-hard [---N interaction by
comparing [Ru(bpy)(CO),(S-SCN),] molecule and [Ru(bpy)(CO)x(S-
SCN)2]-I> adducts with I---S and I---N halogen bonds. Computa-
tionally established models of [Ru(bpy)(CO),(S-SCN),]| molecule as
well asits I---S and I---N halogen bonded I adducts were optimized
to the energetically most favourable geometries using DFT tech-

Fig. 1. Crystal structure of [Ru(bpy)(CO),(S-SCN),]-15 (1). The anisotropic displacement
ellipsoids are drawn at 50% probability level. Selected bond lengths (A) and angles (°):
Rul-S1: 2.445(2) A, S1-C3: 1.658(8), C3-N3: 1.166(10), Rul-S2: 2.422(2), S2-C4:
1.668(8), C4-N4: 1.148(10), S1---11: 3.146(2), 1-12: 2.7143(8), Ru1-S1-C3: 103.5(2), S1-
C3-N3: 177.1(7), Ru1-S2-C4: 102.0(3), S2-C4-N4: 176.8(7), Ru1-S1---11: 107.62(6), 12-
I1---S1: 172.87(4), C3-51---11: 113.3(3).

1.163

1.677

a
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[V1/G=1.10
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E(int) = -21 kJmol!
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Fig. 2. Optimized structures of the models for a) an isolated [Ru(bpy)(CO)2(S-SCN),]
complex, b) molecular complex in the co-crystal structure with S---I contact, ¢) mo-
lecular complex in the co-crystal structure with N--I contact. Colour scheme is the
same as that of Fig. 1. Legends include selected properties of the electron density at the
(I, N) or (I, S) bond critical points: p(BCP) = electron density at the bond critical point;
|[V|/G = ratio between potential energy density, kinetic energy density;
E(int) = interaction energy at the BCP, Q = delocalization index between I atom and N
or S atoms. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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nique. The obtained geometries with selected bond distances, an-
gles are presented in Fig. 2.

The variations in selected bond lengths, XB bond angles be-
tween the computational and experimentally obtained structures
are due to the gas-phase calculations that tend to overestimate
charge transfer effect and interactions between the ruthenium
molecule, I,. This can be seen in shorter computational XB distance
compared to the experimental results [17]. On the other hand,
omitting the crystal environment should reveal possible differences
in the actual I---S and I---N interaction energies and properties
without interference of any packing effects. In addition to AIM
parameters shown in Fig. 2, also the AIM defined atomic charges
were calculated (Table 1).

It is known that strong XB contact with charge transfer or
electron sharing will polarize the I, molecule [13,37]. The negative
charge tends to accumulate on the iodine, which is not involved in
halogen bonding (I2 in Fig. 1). Similarly, the XB-bonded iodine (I1)
is getting more positive charge. According to the AIM results,
interaction of I, with the “hard” nitrogen atom induces more
effective polarization on diiodine molecule than when I, is inter-
acting with the “soft” sulphur atom. This generates larger charge
difference between the two ends of I,. The ratio of potential en-
ergy density and kinetic energy density, |V|/G, at the bond critical
point is indicative of the nature of the contact. If |V|/G > 2 the
contact is a shared shell interaction (covalent) and if |[V|/G < 1 the

Table 1
Atomic charges according to the AIM analysis for Ru, I, N, and S atoms in different
configurations of the adducts [Ru(bpy)(CO)2(S-SCN),]-I,.

Atom? [Ru(bpy)(CO)2(S-SCN),] [N IS
q(Ru) 0.949 0.951 0.949
q(S1) 0.120 0.163 0.146
q(s2) 0.113 0.121 0.123
q(N3) —1.198 —-1.231 —0.166
q(N4) ~1.191 ~1.184 ~0.180
q(11) - 0.095 0.008
q(12) - ~0.156 ~0.135

2 Numbering scheme the same as in Fig. 1.

interaction is electrostatic [38—40]. Values between one and two
indicate intermediate between the two type of interactions.
Another parameter defining the nature of the contact is delocali-
sation index Q [38—40]. In an ideal pure electrostatic system the
value of Q should be close to zero and in a single covalent bond
close to 1. In the case of I---N and I---S systems, there are no major
differences in these two parameters (Fig. 2). In both systems the
interaction is essentially electrostatic with some minor covalent
character. It has been suggested that increase in charge transfer or
electron sharing from the XB acceptor to donor will also elongate
the I-I distance [13—37,41]. However, the longer I-I distance in I---S
adduct, where the charge difference between iodine atoms is
smaller, does not support effect of charge transfer as the main
reason for slight difference in I-I distance. It may be that small
increase in electron sharing could be the reason for the longer I-I
bond in this case.

The difference in interaction energies, E(int), between the I---N
and I---S systems quite small, 11 k]J/mol, and can be overcome via
other stabilising interactions in the crystal structure. According to
the interaction energies the I---N adduct should actually be the
slightly more favourable one when these systems are compared.
Obviously, none of the computational results rule out the exis-
tence of the observed sulphur-iodine interaction. Based on the
over all similarity of the computational results of the two con-
figurations, both structures should be fully possible and one
should be able to isolate both of them. The fact that only I---S
crystals could be found suggests that the main factor, which de-
termines the preferred primary crystalline form is due to the
packing effects i.e. other weak intermolecular interactions. In
other words, the overall packing of adduct with I---S is simply
more favourable.

In order to investigate the weak interactions in the crystal
structure in more detail, we performed QTAIM analysis on the
extended model comprising one I, molecule surrounded by five
[Ru(bpy)(CO),(SCN)2] complexes. The resulting bond paths and
BCPs can be seen in Fig. 3. In addition to the main [---S in-
teractions, there are much weaker intermolecular I---N and several
CO--I interactions from the neighbouring carbonyl complexes.

Fig. 3. Bond paths and bond critical points (green dots) in the extended [Ru(bpy)(CO),(S-SCN),]s-1> model of the crystal structure. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Although the interaction energies are small, varying between —2
and —5 kJ/mol, and the nature of the CO--I interaction is clearly
electrostatic (|V|/G ~0.8), they are able to provide extra support for
the sulphur coordination and explain the preference found in the
crystal structure of the adduct. It should be noted, that in the
extended model, a weak I---N interaction is also found, supporting
the computationally found similarity of the two halogen bond
sites.

Since experimental results showed that only one of the SCN li-
gands is involved in halogen bonding, we decided to analyse
computationally if there are energetic reasons preventing forma-
tion of [Ru(bpy)(CO)2(S-SCN)z]-2I, adducts (Fig. 4). The results
indicate that there is a little more electron sharing involved in I---S
adducts and energetically the I---N mode should be slightly more
favourable. However, despite the small differences both modes of
[Ru(bpy)(CO),(S-SCN),]- 21, should be fully possible.

The nature of the frontier molecular orbitals was calculated to
compare the doubly interacting compounds with adducts of only
one diiodine. The appearance of the FMOs can be seen in Fig. 5.
Regardless of the interaction site, whether it is the nitrogen or the
sulphur end, the energies of HOMOs were found comparable with
the systems having only one interacting SCN ligand. It means that
the second XB contact is not contributing considerable additional
stabilization to the system. On the other hand, the LUMOs are
stabilized in the doubly interacting system, which indicates
reduced stability, when both SCN ligands are involved in halogen
bonding.

3. Experimental
3.1. Synthesis

All starting materials are from Sigma-Aldrich or from Johnson &
Matthey and were used as received. The synthesis of [Ru(bpy)(-
CO),(S-SCN),] was carried out following the previously reported
procedure [36]. The adducts were obtained by dissolving [Ru(b-
py)(CO),(S-SCN),] and I, in CH,Cl, and mixing the solutions at
room temperature. A series of reactions were carried out varying
the molar ratio of [Ru(bpy)(CO)(S-SCN),] and I (1:1,1:2,1:5,1:10).
After careful mixing the combined [Ru(bpy)(CO)2(S-SCN),]/I, so-
lution was placed in a vial covered with parafilm. Crystals were
obtained by using slow evaporation technique at room tempera-
ture. X-Ray quality crystals were collected after three days and the
yield of crystalline [Ru(bpy)(CO),(S-SCN);]-I, adduct range from
33% to 45%. When collecting the product the solution was not
allowed to evaporate to dryness. Among the collected crystalline
material the dark red [Ru(bpy)(CO),(S-SCN);]-I, was the only
crystalline reaction product. The residual material consisted of
staring compounds [Ru(bpy)(CO)2(S-SCN);] and I,. No other prod-
ucts were observed. The synthesis was not optimized for maximum
yield. The goal was to collect the initial crystalline material to
analyse the preferred primary product.

3.2. Crystal structure determinations

The crystal of [Ru(bpy)(CO),(S-SCN),]-I, was immersed in cryo-
oil, mounted in a MiTeGen loop, and measured at 170 K on a Rigaku
Oxford Diffraction Supernova diffractometer using Mo Ko
(A = 0.71073) radiation. The CrysAlisPro [42] program package was
used for cell refinement and data reduction. Multi-scan absorption
correction (CrysAlisPro) was applied to the intensities before the
structure solution. The structure was solved by charge flipping
method using the SUPERFLIP [43] software. Structural refinements
were carried out using SHELXL-2016 [44]. Hydrogen atoms were
positioned geometrically and constrained to ride on their parent

atoms, with C-H = 0.95 A, Ujs, = 1.2+Ueq (parent atom). The crys-
tallographic details are summarized in Table 2.

3.3. Computational details

All single molecule models were fully optimized with the
Gaussian 09 programme package [45] at the DFT level of theory
with a hybrid functional PBEO [46G]. The selected basis set included
the standard all-electron basis 6-311++G(d, p) for C, H, S, N atoms,
and relativistic effective core potential basis sets LANL2DZspdf for [
atoms [47] and LANL2TZ (f) for Ru [48]. The DFT wave function was
used in the topological charge density analysis with QTAIM [30],
which was performed with AIMALL program [49].

The geometry of the extended model [Ru(bpy)(CO)2(SCN),]s-I>
was taken directly from the experimental crystal structure, and the
charge density analysis of the weak interactions was done without
further optimization using the wavefunction obtained at the same
DFT level than the smaller models.

p(BCP)=0.181 eA™
V] /G =1.06

E(int) =-19.0 kJmol!
Q(I...8)= 0.32
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Fig. 4. Optimized structures for interaction of [Ru(bpy)(CO),(S-SCN),] with two I,
molecules.
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Fig. 5. Frontier molecular orbitals of [Ru(bpy)(CO)y(S-SCN),]- 21

Table 2

Crystal data.’
Empirical formula Cy14HslN4O2RuS,
fw 683.23
Temp (K) 170(2)
A (A) 0.71073
cryst. syst. Triclinic
Space group P1
a(A) 7.2729(3)
b (A) 10.9807(4)
c(A) 12.5479(4)
o. (deg) 79.278(3)
f (deg) 74.862(4)
y (deg) 82.918(4)
V (A%) 947.49(7)
Z 2
Peac(Mg/m?) 2.395
1(Mo Ko) (mm~1) 4.322
No. reflns. 7362
Unique reflns. 4642
GOOF (F?) 1.032
Rint 0.0165
R1%(I > 20) 0.0469
wR2"(I > 20) 0.1297

* R = 3||Fo| — |Fell/Z[Fol-
> WR2 = [S[w(Fg — Fo)*]/=[w(F3)]]" .

4. Conclusions

Halogen bond preferences of the S-coordinated thiocyanate in
[Ru(bpy)(CO)(S-SCN),]-I, adduct were studied by using compu-
tational methods. Experimentally, soft XB-donor I, was found to
favour soft sulphur atom as the primary XB acceptor. However, DFT
and QTAIM analysis indicate that the XB contact between the
dangling nitrogen of Ru-SCN and the I, donor should also be stable.
In fact, energetically this should even be slightly more favourable
option compared to the observed XB-system. Also, computational
results indicate that both SCN-ligands should be able to act as XB
acceptors simultaneously. The fact that only one of the thiocyanates
was found to be involved in halogen bonding in experimental
structure is most probably due to the highly favourable packing of
the experimentally observed [Ru(bpy)(CO)2(S-SCN),]-I, adduct. It
has been suggested that soft XB acceptors favour soft XB donors
such as I,. This could explain that the only observed crystalline
product was [Ru(bpy)(CO),(S-SCN),]-I, with I---S contact. However,
computational analysis did not reveal any strong evidence thatI---S

interaction is energetically superior to I---N contact. The reason for
I---S contact as the primary halogen bond mode can be found from
the packing effects, especially from supporting weak CO---I con-
tacts, which further stabilize the preferred crystal structure.
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Abstract: The ruthenium carbonyl compounds, Ru(bpy)(CO),X, (X = Cl, Br or I) act as neutral
halogen bond (XB) acceptors when co-crystallized with 1,4-diiodotetrafluoro-benzene (DITFB). The
halogen bonding strength of the Ru-X:-I halogen bonds follow the nucleophilic character of the
halido ligand. The strongest halogen bond occurs between the chlorido ligand and the iodide atoms
of the DITEB. All three halogen bonded complexes form polymeric assemblies in the solid state.
In Ru(bpy)(CO),Cl,-DITFB (1) and in Ru(bpy)(CO),Br,-DITFB (2) both halido ligands are halogen
bonded to only one DITFB donor. In Ru(bpy)(CO),I,-DITFB (3) only one of the halido ligands is
involved in halogen bonding acting as ditopic center for two DITFB donors. The polymeric structures
of 1 and 2 are isomorphic wave-like single chain systems, while the iodine complexes form pairs
of linear chains attached together with weak F--O=C interactions between the closest neighbors.
The stronger polarization of the iodide ligand compared to the CI or Br ligands favors nearly linear
C-I--I angles between the XB donor and the metal complex supporting the linear arrangement of the
halogen bonded chain.

Keywords: halogen bond; ruthenium; crystal structure; bipyridine; carbonyl

1. Introduction

Halogen bond (XB) has found to be a useful tool in crystal engineering in recent years due to its
strength and directional preferences [1-6]. A molecular entity with electrophilic region on a halogen
atom is defined as XB donor, while an entity with nucleophilic region, i.e., Lewis base, is defined as
an XB acceptor [7]. The strength and the directionality of halogen bond are well explained by o-hole
theory and by the nature of the elements attached to the halogen atoms [8-20]. Typical XB acceptors
include covalently bonded nitrogen or sulfur atoms but also electron donors such as oxygen, selenium,
and silicon are known to act as XB acceptors [21-24]. Even metal centers in square planar and linear
metal compounds have shown XB acceptor properties [25-27]. Metal coordinated electron donor
ligands provide another group of potential XB acceptors [28-36]. Especially metal halides are quite
commonly used as XB acceptors. Even if coordination to a metal center is not usually enough to
generate strong o-hole on a halido ligand, the electron density around a coordinated halogen atom,
X, is polarized [28,31]. This means that the M-X--X angle in a halogen bonded M-X:-X-R system
is typically ranging between 90° and 150°, depending on the nature of the metal center [13,30,31].
By using bidentate halogen bond donors, such as I, it is possible to link metal complexes together
to form non-covalent metallopolymers [14,30,31,37-47]. However, I, is not necessarily the most
desirable linking unit due to its redox behavior and its impact on the metal complex [45,47]. When the
interaction between the metal coordinated halogen atom and the I, donor remains mainly electrostatic,

Crystals 2019, 9, 319; doi:10.3390/cryst9060319 www.mdpi.com/journal/crystals



Crystals 2019, 9, 319 20f 10

symmetrical bridges between the metal centers can be obtained. However, when the charge transfer
and electron sharing, i.e., covalency, between the halogen atoms are increased, the electron distribution
in the linking I, may change. This, in turn, may hamper the formation of symmetrical bridges and
nature of the contacts between the linking unit and the metal complexes [31]. From this point of
view, other XB donors, such as fluorinated iodobenzenes, behave more predictably as linkers in XB
complexes and are, therefore, more reliable bridging units. In general, the motivation in building
halogen bonded extended metal complex systems arises from the possibilities to modify the redox,
magnetic, photophysical and optical properties of the complexes extended by halogen bonds [4,6,29,48].

Previously, we studied crystal structures and the nature of XBs in I, linked assemblies of
[Ru(bpy)(CO),X,] (X = Cl, Br, I) compounds (Figure 1) [31]. Since the I, linkers XB properties are
dependent on the nature of the halogen bond contacts, here, we used another potentially bridging XB
donor, i.e., tetrafluorodiiodobenzene (DITFB, Figure 1) as the linker for [Ru(bpy)(CO),X;] molecules
(X=Cl, Br, I). The goal was to further investigate the extended assemblies that can be obtained through
XB by using organometallic [Ru(bpy)(CO),X;,] molecules as XB acceptors.

A

/N\

Ru(bpy)(C0O)X; DITFB
(X =Cl,Br,1)

Figure 1. The schematic structures of Ru(bpy)(CO),X; (X = Cl, Br, I) and 1,4-diiodotetrafluorobenzene
(DITFB).

2. Materials and Methods

2.1. Materials

All reagents and solvents were obtained from commercial sources and were used as received.
The syntheses and crystal structures of the parent metal compounds [Ru(bpy)(CO),X,] (X = Cl, Br, I)
have been reported in the literature [49,50]. All co-crystallizations were optimized only for obtaining
high-quality single crystals, not for obtaining maximum yields.

2.2. Syntheses of co-crystals 1-3

[Ru(bpy)(CO),ClI2]-DITEB (1). The light-yellow crystals were obtained by dissolving 5 mg of the
metal complex and 10.5 mg of DITFB in CH,Cl, solvent. The crystallization was carried out at room
temperature by slow evaporation of the solvent. The X-ray quality crystals were harvested in two days.

[Ru(bpy)(CO),Br2]-DITFB (2). The yellowish green crystals were obtained by dissolving 5 mg of
the metal complex and 8.5 mg of DITFB in CH,Cl, solvent. The crystallization was carried out at room
temperature by slow evaporation of the solvent. The X-ray quality crystals were harvested in a week.

[Ru(bpy)(CO),I,1-DITFB (3). The bright orange crystals were obtained by dissolving 5 mg of the
metal complex and 7.1 mg of DITFB in CH,Cl, solvent. The crystallization was carried out at room
temperature by slow evaporation of the solvent. The X-ray quality crystals were harvested in a week.

2.3. X-ray Structure Determination

The crystals of 1-3 were measured at 120 K on a Rigaku Oxford Diffraction Supernova diffractometer
(Oxford Diffraction, Woodlands, Tex, USA) (1), or on a Bruker Kappa Apex II diffractometer (Bruker
Nonius, Delft, The Netherlands) (2,3) using Mo K« (A = 0.71073 A) radiation. The CrysAlisPro [51]
or Apex2 [52] program packages were used for cell refinements and data reductions. Multi-scan
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absorption corrections based on equivalent reflections (CrysAlisPro, Apex2, Yarnton, Oxfordshire,
England) were applied to the intensities before structure solutions. The structures were solved by the
charge flipping method using the SUPERFLIP [53] software or by the intrinsic phasing method using
SHELXT (v. 2014/5) [54]. All structures were refined by using SHELXL program [54]. Both structures 1
and 2 contained voids with heavily disordered and partially lost solvent of crystallization. A series of
crystals were analyzed, and the residual electron density was found to vary from crystal to crystal
indicating a variable amount of solvent in different crystals. Therefore, the final structural models of
1 and 2 were refined without the solvent molecules, and the contribution of the missing solvent to
the calculated structure factors were taken into account by using the SQUEEZE routine of PLATON(v.
141217) [55]. Since the amount of solvent could not be determined accurately, the missing solvent
molecules were not taken into account in the unit cell content. The hydrogen atoms were positioned
geometrically and constrained to ride on their parent atoms, with C-H = 0.95 A and Uy, = 1.2:Ueq
(parent atom). The crystallographic details are summarized in Table 1.

CCDC 1820788-1820790 contain the crystallographic data for 1-3, respectively. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 336 033; or
e-mail: deposit@ccdc.cam.ac.uk.

Table 1. Crystal Data.

1 2 3
C13HgCl, F4I,N>OyRu
Formulas b 8[+ éofvzntz] ’ CisHgBraFs N> OoRu C1gHgF4I4N>,OsRu
[+ solvent]
[+ solvent]
Fw 786.03 * 874.95 * 968.93
temp (K) 120(2) 120(2) 120(2)
A(A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Orthorhombic
space group C2/c C2/c Pnma
a(A) 11.9736(7) 12.2824(4) 8.3320(3)
b (A) 29.8725(13) 30.3634(11) 14.0070(5)
¢ (A) 6.7654(3) 6.8630(2) 20.6378(7)
B () 96.925(5) 100.444(2) 90
V (A%) 2402.2(2) 2517.05(14) 2408.56(15)
V4 4 4 4
Peale (Mg/m3) 2.173 2.309 2.672
p(Kar) (mm1) 3.493 6.297 5.826
No. reflns. 18821 12583 26750
6 Range (°) 3.326-32.783 2.626-29.145 2.636-29.258
Unique reflns. 4175 3387 3384
GOOF (F?) 1.064 1.147 1.152
Rint 0.0498 0.0292 0.0505
R12(I >20) 0.0359 0.0281 0.0360
wR2b (I>20) 0.0761 0.0586 0.0795

@ R1 = 3||Fo| = [Fell/ZIFo|. ! wR2 = [Z[w(Fo2 - FCZ)Z]/ Z[w(F02)2]]1/2. * Fw without solvent of crystallization.

3. Results and Discussion

3.1. Strength of the Halogen Bonds

The relative strength of halogen bonds can be estimated by the commonly used concept of the
halogen bond interaction ratio, Rxg, (sometimes also called as normalized interaction distance). It is
defined as Rxg - dxp/(Xydw + Bydw), where dxp [A] is the distance between the donor atom (X) and
the acceptor atoms (B), divided by the sum of vdW radii [A] of X and B, and the XB donor--acceptor
(XB:A) [56-58]. Smaller values indicate stronger XB interactions. Small differences in Rxp values do
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not reflect differences in the overall structures. For example, structure 1 and 2 are isomorphous even if
there is a small difference (2%) in the Rxp values. Although the correlation between the crystal/overall
structure and the XBs and their strength is not always straightforward, structural analysis provides
a fast way to compare halogen bonds 116-125. The key structural parameters of the halogen bonds
between the ruthenium coordinated halido ligand and the iodine of the DITFB XB donor in the three
structures [Ru(bpy)(CO),CL]-DITFB (1), [Ru(bpy)(CO),Br;]-DITFB (2) and [Ru(bpy)(CO),1,]-DITEB (3)
are summarized in Table 2.

Table 2. Halogen bonds in 1-3 and in the [Ru(bpy)(CO);X;]-I; XB complexes from Reference [31].

Compound Ru-X--1 (A) C-I--X (°) M-X--1 (°) Rxg
1 3.1790(8) 170.60(9) 114.94(3) 0.85

2 3.3191(4) 171.34(10) 112.108(14) 0.87

3 3.5301(3) 177.66(13) 96.672(9) 0.89
Ref. [31] Ru-X--I (A) I-1--X (°) M-X--1 (°) Rxp
Cl--1, 3.0421(3) 174.566(8) 115.76(1) 0.82
Br--I, 3.2938(4) 170.28(1) 101.3(1) 0.86
Br--I, 3.3627(3) 173.80(1) 102.27(1) 0.88
Br--I, 3.2381(3) 175.405(9) 101.66(1) 0.85
Br--I, 3.3001(3) 174.164(9) 102.57(1) 0.86
I-1, 3.1984(2) 177.941(7) 97.91(1) 0.81
-1, 3.7984(3) 152.083(6) 104.26(1) 0.96
L1, 3.2553(13) 172.75(2) 97.81(2) 0.82
I-1p 3.4108(15) 166.50(2) 98.90(2) 0.86

3.2. Crystal Structures

Unlike in the case of I, XB donor reported earlier [31], the diiodotetrafluorobenze acts as a
symmetrical XB donor bridging the Ru complexes in all three structures 1-3. In 1 and 2 the DITFB
molecules are located on an inversion center, while in 3 it is located on a mirror plane. Similarly, the Ru
atoms in 1 and 2 are located on a two-fold rotation axis, while in 3 the ruthenium atom is on a mirror
plane. Due to the symmetry, the distances from both iodines of DITFB to the halido ligand of the metal
complex are equal in all cases. This is due to the fact that when one end of the DITFB molecule forms a
halogen bond, it does not change the behavior of the second iodine, which is possible in the case of I,
linker [31].

The extended structures of Ru(bpy)(CO),Cl,]-DITEB (1) and Ru(bpy)(CO),Br,]-DITFB (2) are
isomorphous zig-zag chains (Figure 2).
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Figure 2. Top: TELP drawing of 1. Thermal ellipsoids have been drawn at 50% probability level.
Middle: the polymeric zig-zag chain of 1. Bottom: Packing of 1 along the crystallographic c-axis.
The corresponding figures of the isomorphous structure 2 are given in the Supplementary Materials.
Symmetry transformations used to generate equivalent atoms: #1: —x + 1,y, =z + 3/2, #2: —x, -y + 1,
-z+ 1.

The TELP and packing images of 2 are given in the supplementeray material. In both 1 and 2
the halido ligands of the metal complexes are involved in halogen bonding and the halogen-halogen
distances in both of these contacts are equal, as mentioned above. The M-Cl---I and M-Br---I contacts are
3.1790(8) A and 3.3191(4) A, respectively. The C-I---X angles are reasonably close to the linear contacts
in both structures being 170.60(9)° for 1 and 171.34(10)° for 2. Both Ru-Cl---I and Ru-Br--I angles
deviate quite clearly from the ideal 90° being 114.94(3)° and 112.108(14)° for 1 and 2, respectively. Such
a deviation indicates that the electron density around the halido ligands is redistributed, increasing the
electron density perpendicular to the Ru-X bond, but the effect is not particularly strong. In both 1 and
2, the aromatic DITFB donors are stacked with weak 7— interactions between the aromatic rings. The
shortest carbon—carbon distances between the neighboring DITFB molecules range from 3.178(5) A to
3.358(5) A for 1 and from 3.165(5) A to 3.685(5) A for 2. In both 1 and 2 there are apparent voids in the
structure (259 A% and 310 A, respectively). However, these voids are actually filled with disordered
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solvent molecules, which were omitted from the crystal structure via SQUEEZE procedure (see X-Ray
Structure Determination section).

The structure of 3 differs clearly from 1 and 2. Only one of the iodido ligands (I1) is involved in
halogen bonding. The I1 of the Ru-complex acts as a ditopic XB acceptor linking simultaneously two
DITFB donors (Figure 3).

Figure 3. Top: TELP drawing of 3. Bottom: The chain of 3 with I---I halogen bonds and F--O contacts
(2.833(5) A). Symmetry transformations used to generate equivalent atoms: #1: x, -y + 1/2, z, #2: x, -y
+3/2, z.

The C-I---Iangle of 177.66(13)° in 3 is closer to 180° and Ru-I---I angle of 96.672(9)° closer to 90° than
the corresponding angles in 1 and 2. The Ru-I---I angle close to 90° is expected since the polarization of
the iodido ligand is likely to be more efficient than the polarization of chlorido or bromido ligands. Just
like in 1 and 2, all Ru-I---I halogen bond distances are also equal [3.5301(3) A] in the structure 3. When
the geometric parameters of 1-3 are compared to the values found in iodine linked [Ru(bpy)(CO),X;5] I
system some differences can be observed. First of all, based on the interaction ratios (Rxg) the order
of the XB strength in 1-3 is increased systematically, i.e., X = Cl > Br > I (Table 2). In all cases, the
Rxp values were calculated by using Bondi van der Waals’ radii [59]. Johnson et al. have reported
the same order for the halogen-containing Pd pincer complexes with I, donors [14]. However, in
[Ru(bpy)(CO)2Xz]I, systems the order is less obvious. In these co-crystals the strength of the first
halogen-halogen interaction between the halido ligand and I, have an impact on the XB donor strength
of the second I atom [31]. The order of the strongest interactions in the [Ru(bpy)(CO),X;]-I, series is
X =1> Cl > Br (see the Table 1). This is due to the increased electron sharing, i.e., covalency and charge
transfer in the case of [Ru(bpy)(CO),I5]-I,. In the case of Cl and Br complexes, the halogen bonds are
more clearly electrostatic, and therefore the XB strength follows the same order as 2 and 3. In general,
the Rxp values found in structures 1-3 are slightly greater than the values found in other systems
with halogen-containing ruthenium complexes and I, donors. Mosquera et al. have studied a series
of [Ru(CNR)4 X, ]I (X = Cl, Br, I) acceptors and their interactions with I, [45,47]. In these structures
the M-X---I Rxp value for X = Cl systems range between 0.78 and 0.85, for X = Br, Rxp is 0.84 and for
X =1 the Rxp value range between 0.79 and 0.84. Again, the order of the XB strength in these systems
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is not so straightforward as in the case of 1-3. The Rxp values in [Ru(dcbpy)(CO),1;]-I, complexes
are also somewhat smaller than in 3 with Rxg = 0.79-0.82 [30] indicating again increased electron
sharing and covalency between the XB donor and acceptor in I, donor systems. When structures
1-3 are compared with other, mainly electrostatic XB systems, such as trimethylplatinum(IV) iodide
with iodopentafluoro-benzene XB donor, the observed Rxg values match well [60]. This can also be
seen if structures 1-3 are compared with the other metal complex adducts having DITFB as a halogen
bond donor. The Rxp values are nearly equal even if the metal and other ligands around the metal are
different. For example, in PCPdX pincer complexes with DITFB donor the Rxp values are 0.87 (X = Cl)
and 0.88 (X = Br), respectively [14]. The slightly larger values found in these systems may be due to the
steric hindrance reflected by the relatively wide M-X:--I angle (131-143°). In the sterically more relaxed
square planar cyclometallated [Pt(btpy)(PPh3)Cl]-DITFB complex the Rxg value for the Pt-Cl--I is 0.86,
which is nearly the same value that can be found in structure 1 as well [29].

4. Conclusions

A series of [Ru(bpy)(CO),X;]-DITFEB (X = ClI, Br or I) halogen-bonded complexes were crystallized
and analyzed. The [Ru(bpy)(CO),CL]-DITFB and [Ru(bpy)(CO),Br,]-DITFB complexes form
isomorphous polymeric zig-zag chains where the 1,4-diiodotetrafluoro-benzenes (DITFB) act as
symmetrical halogen bonding bridges linking metal complexes together. Although halogen bonds
are relatively weak intermolecular interactions, they have a similar directional/directing role in
crystallization as hydrogen bonds. Both halido ligands of the metal complex are involved in halogen
bonding forming a single X---I contacts. The structure of [Ru(bpy)(CO),1,]-DITFB differs from the
other two systems. Only one of the iodido ligands is involved in XB interactions as a ditopic acceptor
leading to a nearly linear polymeric chain of metal complexes. Furthermore, the neighboring chains
are linked together via weak F---O contacts. The strength of the halogen bonds M-X--1, estimated by
the halogen bond interaction ratio, Rxp, follows the order of nucleophilicity of the halido ligands being
0.85,0.87, and 0.89 for X = Cl, X = Br, and X =1, respectively. When the [Ru(bpy)(CO),X;]-DITFB series
is compared with the corresponding series containing I, as the bridging halogen bond donors, the main
differences arise from the behavior and nature of the XB donor. In the case of [Ru(bpy)(CO),X,]-DITFB
the halogen bonds, formed by the two iodines of DITFB, are equal in all structures. This differs from
the behavior of the two ends of the I, linker, where the second contact depend on the strength and
nature of the initial halogen bond. Almost solely electrostatically behaving DITFB provide thus a more
predictably behaving linker for XB-bonded assemblies of metal halides.

Supplementary Materials: The following materials are available online at http://www.mdpi.com/2073-4352/9/6/
319/s1, Figure S1: TELP drawing of structure 2; Figure S2: The polymeric zig-zag chains of 2; Figure S3: Packing of
2 along the crystallographic c-axis.
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Abstract: Sulfur is a widely used halogen bond (XB) acceptor, but only a limited number of neutral
XB acceptors with bifurcated sp3-S sites have been reported. In this work a new bidentate XB
acceptor, 1-(4-pyridyl)-4-thiopyridine (PTP), which combines sp*-S and sp>N acceptor sites, is
introduced. Three halogen bonded cocrystals were obtained by using 1,4-diiodobenzene (DIB),
1,4-diiodotetrafluorobenzene (DIFB), and iodopentafluorobenzene (IPFB) as XB donors and PTP as
acceptor. The structures of the cocrystals showed some XB selectivity between the S and N donors
in PTP. However, the limited contribution of XB to the overall molecular packing in these three
cocrystals and the results from DSC measurements clearly point out the synergetic influence and
interplay of all noncovalent interactions in crystal packing of these compounds.

Keywords: Halogen bonds (XB); acceptor; cocrystals; selectivity

1. Introduction

Halogen bond (XB) is a noncovalent interaction occurring between an electrophilic region
(o-hole) of a halogen atom (XB donor) in a molecular moiety and a nucleophilic atom (XB acceptor)
in the same or another moiety [1]. The major force in XB is electrostatic by nature [2], but charge
transfer, polarization, and dispersion forces all play important roles in XB contacts [3,4]. The
strength of a typical XB is comparable with the hydrogen bonds (HB) and in some cases is even
stronger than HB [5]. Just like the hydrogen bond, XB is also highly directional [6-8]. Due to these
characteristics, XB has emerged as a prominent tool in crystal engineering [9-13], organic synthesis
[14,15], and biochemistry [16,17], etc.

Commonly used XB acceptors include sp? oxygen atoms (sp>-O) [18,19], sp> oxygen atoms
(sp3-O) [20-22], sp? sulfur atoms (sp%-S) [23-26], sp® sulfur atoms (sp3-S) [27-29], and sp? nitrogen
atoms (sp>-N) [30-34]. Unlike the sp>-N, both sp-S and sp3-S can act as bifurcated XB acceptors in
three-centered halogen bonds, due to the two available lone pairs on sulfur [9]. Similarly, both sp?-O
and sp3-O can function as multidentate XB acceptors. However, a CCDC survey (C-X--5, C-X--O,
X=Br, I; no organometallic complexes; CSD version 5.41, November 2019) gave 539 structures with
C-X--S, of which 403 have sp3-S as the XB acceptor, but only 20 structures include bifurcated sp3-S.
Eight of these structures involve SCN- and 10 C-5-C synthon as the XB acceptor. Altogether 4799
structures with C-X--O were found in the CCDC survey with 1249 sp3-O as the XB acceptor.
However, only 39 structures have multidentate sp3-O, of which 24 are N-O synthons and 12 are C-O
synthons. Clearly, compared with the oxygen atom as XB acceptor, the sulfur atom is less commonly
studied.

Thus, our aim was to develop a new neutral bidentate S-N-type XB acceptor capable of forming
three-centered XBs via S and two-centered XBs through N. PTP, in Figure 1, was synthesized for
such purpose. Unlike in the C-5-C synthon, the sp*-S pendant in PTP is not sterically hindered and
the sp2-N at the other end of the PTP molecule assures the 1:1 ratio interaction with XB donors. Since
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the PTP is a neutral zwitterionic molecule, it is possible to avoid introducing any undesirable cations
into the system. Iz is the simplest bidentate XB donor, which can be used to link organic molecules
together via XB [35-40]. However, I is not always the most ideal linker due to its redox properties,
which easily lead to unwanted side reactions. Therefore, we chose less redox active organic
iodides—1,4-diiodobenzene (DIB) and 1,4-diiodotetrafluorobenzene (DITFB) as the bidentate and
iodopentafluorobenzene (IPFB) as monodentate XB donors—in this work (Figure 1).

The ultimate goal of this study was to investigate the ability of PTP to form robust
supramolecular structures via XB interactions. Furthermore, the possible preferences between the S
and N acceptors in XB formation were also investigated.

DIB
|
F
F
s
\
| F
N+
‘ AN _F F DITFB
M /
F
F F
a
| F
IPFB

b

Figure 1. Schematic structure of XB acceptor and donors. (a) The schematic structure of PTP; (b) the
schematic structure of 1,4-diiodobenzene (DIB), of 1,4-diiodotetrafluorobenzene (DITFB), and of

iodopentafluorobenzene (IPFB).

2. Materials and Methods

Materials. 4-Mercaptopyridine (95%), sodium hydroxide ( 98%), DIB (99%), DITFB (98%), and
IPFB (99%) were from Sigma-Aldrich. Dichloromethane (99%) and acetonitrile (99.8%) were
obtained from VWR Chemicals. Silica-gel 60 (0.04-0.06 mm) was received from Merck. All reagents
were used as received.

Solution Crystallization. Crystals of PTP were obtained by slowly evaporating the solution of 5
mg PTP + XB donor dissolved in 6 mL DCM at room temperature. The impact of the PTP/XB donor
ratio on the cocrystal formation was studied using solutions with molar ratios of 1:1, 1:2, and 1:4
(PTP:XB donor). The X-ray quality crystals were typically obtained in 3 to 7 days when the solution
was evaporated until crystals formed, but not completely dry. Analysis of all crystals obtained
showed that the 1:1 ratio only yielded crystals of the starting materials, whereas the 1:2 and 1:4 ratios
both gave similar assemblies of the same cocrystal structures.
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Physical Properties Measurements. Melting point was measured with a Stuart Scientific
Melting Point Apparatus SMP 3. Differential scanning calorimetry (DSC) data were obtained using
Perkin Elmer STA600 (40 pL platinum pans, 20-600 °C, heating rate at 10.0 °C/min, Pyris Series
software for data processing). Elemental analyzes were carried out by analytical services at the
Department of Chemistry, University of Jyvaskyla.

Single Crystal X-Ray Measurements. Crystals were measured at 120 K on a Rigaku Oxford
Diffraction Supernova diffractometer (Oxford Diffraction, Woodlands, Tex, USA), using Cu Ka. (A =
1.54184 A) radiation. The CrysAlisPro (Version 1. 171. 39. 43C) package was used for cell refinements
and data reductions. Multi-scan (1, 2) or analytical (3) absorption corrections (CrystAlisPro, Yarnton,
Oxfordshire, England) were applied to the intensities before structure solutions. The structures were
solved by the intrinsic phasing method using SHELXT [41]. All structures were refined by using
SHELXL program. Crystal data of cocrystal 1-3 are listed in Table 1.

Table 1. Crystal data 1-3.

1 2 3

Formula moiety ~ (CioHsN2S), 0.5(CsHal2)  2(Ci0HsN-2S), 3(CsFal2), (CH2Cl2)  (C10HsN2S), 2(CeFsl)

Empirical formula CisH10IN2S C39H1sClaF12l6N4S2 C22HsF10l2N2S
Molecular weight 353.19 1666.99 776.16
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2i/c
a, A 7.0677(3) 11.1401(3) 22.6204(3)
b, A 8.6967(4) 15.9270(4) 8.53950(10)
¢, A 11.1576(5) 16.2566(4) 13.00460(10)
o, ° 100.990(4) 63.216(3) 90
B° 100.380(4) 76.370(2) 103.5430(10)
7 ° 104.057(4) 71.299(2) 90
Volume, A 634.33(5) 2424.76(13) 2442.21(5)
V4 2 2 4
Density, g/cm? 1.849 2.283 2.111
T, K 120(2) 120(2) 123(2)
#(Kg) (mmT) 21.185 32.729 21.895
No. relns. 6446 58,192 16,460
6 Range (°) 4.155-76.751 3.063-76.976 4.02-76.948
Unique reflns. 2649 10,175 5149
GOOF (F?) 1.056 1.048 1.040
Rint 0.0345 0.0488 0.0387
R1(I>20) 0.0274 0.0311 0.0262
wR2 (I >20) 0.0744 0.0827 0.0629

Synthesis of 1-(4-bipyridyl)-4-thionpyridine (PTP) Zwitterion. 4-Mercaptopyridine (100 mg)
was heated at 67 °C for 16 hours with constant stirring until the color turned to orange-yellow. It was
then dissolved in 5 mL of boiling water. Saturated NaOH aqueous solution was added in the
solution dropwise until pH 10 was reached. The solution was filtered to remove any particulate
matter. The filtrate was extracted with dichloromethane (DCM) (6 x 10 mL). The organic phase from
the extraction was reduced to 5 mL in rotary evaporation. The reduced solution was further purified
through a chromatography column with acetonitrile as the eluent, followed by drying in vacuum.
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The solid, pale greenish yellow PTP was obtained with yield of 16.1%. mp 155.3-157.1 °C. Anal.
Calcd for CwoHsN:2S: C, 63.82; H, 4.29; N, 14.89. Found: C, 63.62; H, 4.29; N, 14.81. 'H NMR (CDCl;,
300MHz): 3- 8.83 (dd, 2H, J =4.6), 7.53 (d, 2H, ] =7.4), 743 (d, 2H, ] =7.4), 7.34 (dd, 2H, ] = 4.6). 13C
NMR (CDCls, 300 MHz): 8- 152.52, 132.21, 131.31, 116.05.

PTP/DIB (1). PTP (5 mg) and 16.5 mg DIB were dissolved in 6 mL DCM in a vial covered with a
layer of parafilm and let stand at room temperature. After 3 days, light yellow crystals suitable for
single X-ray diffraction were harvested. Anal. Calcd for CisH1wIN2S: C, 44.21; H, 2.85; N, 7.93. Found:
C,44.19; H, 2.84; N, 7,91.

PTP/DITFB (2). PTP (5 mg) and 21.5 mg DITFB were dissolved in 6 mL DCM in a vial covered
with a layer of parafilm and allowed to stand at room temperature for 5 days. Yellow crystals
suitable for single X-ray diffraction were obtained. Anal. Caled for CsoHisCl2F12IsNaS2: C, 28.08; H,
1.09; N, 3.36. Found: C, 28.08, H, 1.08; N, 3.34.

PTP/IPFB (3). PTP (5 mg) and 15.5 mg IPFB were dissolved in 6 mL DCM in a vial sealed with a
layer of parafilm and evaporated at room temperature for a week to obtain greenish yellow crystals
suitable for single X-ray diffraction. Anal. Calcd for C2sHsFisIsN2S: C, 34.04; H, 1.04; N, 3.61. Found:
C, 34.09; H, 1.02; N, 3.64.

3. Results

The PTP molecule formed halogen bonded cocrystals with all three XB donors: PTP/DIB (1),
PTP/DITEB (2), and PTP/IPFB (3).

The asymmetric unit of 1 contains one complete PTP molecule and half of the DIB molecule.
The N-atom in PTP is engaged with one I-atom from DIB forming halogen bond [dN.“12.968(3)A and
<c1.n 177.01°]. In this structure the DIB molecule act as a symmetric ditopic XB donor bridging two
PTP molecules through N-atoms. The S-atom of PTP is not involved in XB bonds. Instead it interacts
with two neighboring PTP and one nearby DIB via weak C-H--S hydrogen bonds [ds..cs 3.808A,
<csh.s 155.3% ds.7 3.795A, <cru.s 164.97° ds.ci 3.712A, <cizm.s 136.09°] (Figure 2). Such an
arrangement could indicate that the N atom of PTP is favored over S in XB formation.

S1

Figure 2. NI XB and S+H contacts in 1.

The asymmetric unit of 2 is comprised of two complete PTP molecules, one complete DITFB
molecule, four halves of DITFB molecules, and a complete CH2Cl2 solvent molecule. In this structure
both the S-atom and the N-atom of PTP interact with DITFB molecules by XBs. One DITFB molecule
bridges two PTP molecules by N-I halogen bonds [dn2.i1 2.845(6)A and <cai.n2 171.4(2) ©; dna.n2
2.915(6) and <crn2..N4 176.7(2) °]. At the same time the S-atom of PTP also acts as a bifurcated bridging
point binding two other DITFB molecules [dsi..13 3.096(1) and <c..s1 174.6(1)A; dsi.16 3.215 and
<ci6..51 171.8(1) °; ds2..143.137(1) and <ci..s2 172.6(1); ds2..153.300(1) and <cs..52 171.7(1) °], as shown in
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Figure 3a. Noticeably, two PTP molecules are connected via S1--H-C [dsi..c 2.929A, <s1. nc 162.89°]
and T4 simultaneously connects a neighboring PTP molecule via I4-H3-C3 [du.cs 3.927A,
<u..n3-c3 136.98°]. The key feature of this structure is that through the I.-N and the bifurcated I.-S XBs
twelve membered rings are formed, giving an expanded wavy 2D network structure with S as the
node (Figure 3). Furthermore, 2D networks are connected with adjacent units via F--H, F--C and S-H
intermolecular contacts to form a five-folded interpenetrated 3D network. No solvent occupied
channels edged by PTP/DITEB are formed.

“ 15
H’ 'S2
N4 47 ."'a_‘
| g \ 14

Figure 3. XBs and extended structure of 2. (a) XBs on S and N; (b) extended 2D structure of 2. Solvent
CH:Clz2 and hydrogen atoms are omitted for clarity.

The asymmetric unit of 3 has one PTP molecule and two IPFB units. XB interactions only take
place through the S-atom of PTP, which forms a pair of bifurcated XBs [dsi..i 3.1224(8)A and
<ca..s1 175.47(7)°; ds2..123.1122(8) and <crz2..s1 176.9(1)°]. In this structure the N-atom interacts with
two adjacent PTP molecules via weak C-H-~N contacts [d~...c 3.423A, <n..1.c2 132.55% dn..co 3.259A,
<N.Heo 117.599; dn..c10 3.250A, <n. rc10 117.38°] (Figure 4). The relatively large deviation from 180° of
all three <n..n.cis may be affected by the dispersion interactions, which can have an impact on the
geometry of HBs in bulky systems [42]. Unlike in 1, in 3 the XB formation favors I--S interactions. It
could indicate that the stronger XB donor IPFB forms XBs with S-atom more easily than iodine in the
DIB donor. The structure is further expanded through F-H and S--H contacts.
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<
Figure 4. Nonvalent interactions in 3 involving S and N acceptors. (a) XBs on S; (b) H~N contacts.

Based on the DSC measurements, shown in Table 2, the order of the thermal stability of
cocrystals 1-3 are 1> 2> 3. Both 1 and 2 contain I--N halogen bonds. In 3 there are only bifurcated I--S
interactions. This could indicate that formation of I-N interactions are stabilizing the structure of the
cocrystals. However, it is likely that HBs between XB donor and the S-atom of the acceptor in 1 also
play an important role in the overall packing. The results suggest that other type of intermolecular
interactions than XBs could be the dominating factors behind the thermal stability in cocrystals 1-3.

Table 2. DSC measurements.

Crystals T./°C

1 127.67
2 114.46
3 85.36

4. Discussion

The relative strength of XB is often described using the halogen bonding interaction ratio, Rxs,
which is defined as Rxs= dxs/(Xvaw + Bvaw) (dxs is the distance between a halogen atom X and the
acceptor atom B in A). Typically, Bondi vdW radii are used for both Xvaw and Buaw) [43-48]. A
smaller value of Rxs indicates stronger XB strength. The key structure parameters of XBs in cocrystal
1-3 are listed in Table 3.

Table 3. Halogen bonds in 1-3.

Crystal* I-A d(I-A)A <C-§MA Symmetry Operations  Rxs
1 I-N  29683) 177.01(9) XY,z 0.839
11-N2  2.8456)  171.4(2) X,z 0.806
2-N4 29156) 176.7(2) XV, 2 0.826
I3-S1  3.096(1)  174.6(1) 1-x, 1-y, 2-z 0.819
16-S1  3.215(1)  171.8(1) 14X, y, 2 0.851
4-S2  3.137(1)  172.6(1) ~14x, y, 14z 0.830
5-52  3.300(1)  171.7(1) —, 1y, 1z 0.873
3 11-S1  3.1224(8) 175.47(7) 2-x,2-y, 1z 0.826

12-S1  3.1122(8) 176.9(1) 1-x, =1/2+y, 1/2-z 0.823

According to this qualitative Rxs values, the strongest XB is an I-N contact found in 2. On the
other hand, the weakest contact is an I--S interaction. This time it is found in the second thermally
most stable 2. All in all, the variations in Rxs values are quite small and obviously they cannot alone
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explain the favored packing patterns. The roles of the other non-covalent interactions, especially
hydrogen bonds, are also important forces in determination of the final packing pattern.

The NI length ranges from 2.845 A to 2.968 A in cocrystals 1-3. To compare these values with
other reported N-I distances, a CCDC survey was carried out (C=N, I-C, no organometallic
complexes, N and I contact distance <3.53 A, CSD version 5.41, November 2019). The survey gave a
median value of dv.10f 3.050 A. Thus, the I-N in crystals 1-3 are shorter than most reported ones,
indicating a stronger I.-N halogen bond. Moreover, Rxs of 11is 0.839, while the Rxs of the two [N in 2
are 0.806 and 0.826, respectively, indicating that both I'N in 2 are stronger than the one found in 1.
Such a result is expected, as the iodine atom in DITFB is more electronegative compared to the
corresponding value in DIB due to the fluorine substituents.

To compare the I--S found in cocrystals 2 and 3 with the previously reported sp3-S contacts,
another CCDC survey was performed (C-S and S is in sp® hybridization, I-C, no organometallic
complexes, S and I contact distance <3.78 A, CSD version 5.41, November 2019). di..s in 2 and 3 were
in the range of 3.096-3.300 A, which was shorter than the median of 3.668 A found from the CCDC
survey, indicating again stronger XBs in 2 and 3. In 2 the average di..s1was 3.155 A and the average
di.s2was 3.219 A, while in 3 the average di.s1was 3.117 A. This suggested that I--S interactions in 3
were stronger than in 2. Such difference in IS strength is probably due to the fact that iodine is in a
stronger electron withdraw environment in IPFB than in DITFB.

Clearly, PTP demonstrates its ability as an acceptor to form strong XBs through both its
acceptor atoms. However, both N and S acceptors were not involved in XB interactions in all
structures. In 1, only the N-atom of PTP was acting as a XB acceptor interacting with the DIB, the
weakest XB donor used in this study. Whereas in 2 both S-atom and N-atom interact with DITFB, a
stronger XB donor than DIB, to form XBs. On the contrary to 1, in 3 only the S-atom was involved in
XB with IPFB, the strongest XB donor in this study. Such a trend could indicate some selectivity in
the XB formation. The hard-soft acid-base (HSAB) theory, which gives a plausible explanation for
the competition between XB and HB regarding S and N [49], fails to explain the XB selectivity in 1-3,
because the I-atom in IPFB, the hardest I-atom compared with that in DIB and DITFB due to the
strongest polarization caused by F substitutions, chooses the soft S instead of the hard N. However,
though I-atom in IPFB is the hardest among the three XB donors, it is still soft in nature, especially
when compared to N. Thus, the apparent selectivity can be influenced by other noncovalent
interactions. To estimate the contribution of XB to the total molecular interactions in 1-3, Hirshfeld
surface analyses was used, which is a method to analyze the interactions in molecular packing and
comparison of crystal structures [50,51]. CrystalExplorer 17.5 [52] was used to create Hirshfeld
surfaces around PTP in 1-3 in Figure 5. The contribution of XB to the Hirshfeld surface of each
crystal structure is summarized in Table 4.

Table 4. Contributions of XBs to Hirshfeld surfaces in 1-3.

Cocrystal XB  Contribution/%

1 N1 2.1
2 N-I 3.2
2 S-1 34
3 S1 52

The difference in intensity in these fingerprints reveals the difference in XB bond length in the
obtained cocrystals; the increase in intensity around di/de~1.2 A/1.65 A in N1 of 2 compared to that
of 1 shows that N--Iin 2 is shorter than in 1. Similarly, the increased intensity around di/de~1.5 A/1.7
Ain 1-S of 3 compared to that of 2 arises from the much shorter S-I in 3. Moreover, the different
fingerprint patterns also reveal that the PTP molecule is in different immediate polymorph
environment in 1-3 [51]. Fingerprints plot with HB contacts highlighted (supplementary material
Figure 56.) illustrate each type of HB contacts with distinctive patterns. The strongest intensities can
be found around di/de ~1.0-1.2 A/1.4-2.4 A region. S-H in 1 has strong intensity around di/de~ 1.1
A/1.8 A, while in 2 the strongest region is di/de~1.2 A/1.9 A. The F-H in 2, compared with that in 3,
reaches a shorter di region and has weaker intensity around di/de ~1.2 A/1.4 A. Moreover, the I-H in
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2 demonstrates the strongest interactions around di/de~1.2 A/2.1 A. Noticeably, the same type of HB
contact in different cocrystals has different fingerprints patterns, due to the sensitivity of
fingerprints plot to the environment surrounding PTP molecules [51]. Based on the analysis, the XB
contribution to the Hirshfeld surface is small, less than 10% in all three cocrystals, indicating that XB
is not the prominent crystal stabilizing force. The DSC results yield similar conclusions as well; the
weakest XB donor forms the most thermally stable crystal, while the strongest XB donor yields the
most thermally unstable one, suggesting other types of intermolecular interactions play more
pivotal roles in these crystal structures.

de

di| di

1.0 12 14 1.6 1.8 20 22 24 2.6 2.8 L0 12 14 16 1.8 20 22 24 2.6 28

Figure 5. 2D fingerprint plots resolved into NI in 1, S~I and NI in 2, and S+I in 3. The full
fingerprints appear in each plot as grey.

5. Conclusions

Bidentate, neutral 1-(4-pyridyl)-4-thiopryine (PTP), was synthesized and used as a XB acceptor
in this study. Three cocrystals were obtained with comparatively strong XBs, showing that PTP is
capable of forming robust XBs. Moreover, with DITFB as the XB donor, PTP demonstrated its ability
to form bifurcated XBs on S and single XBs on N simultaneously, generating wavy continuous
network structures. The analysis of XBs, together with the Hirshfeld surface analyses and DSC
measurements, indicates that the formation of halogen bonds is not necessarily the dominating
driving force in the formation of cocrystals. Other non-covalent interactions play key roles in the
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final arrangement of molecules. In order to build systematic supramolecular constructions, all
intermolecular interactions must always be considered. It is challenging to predict what types of
intermolecular interactions will be the dominate ones and this hampers the prediction of
non-covalent assemblies.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Descriptive
statistics of CCDC survey of sp?-N, Table S2: Descriptive statistics of CCDC survey of sp®S, Figure SI:
TGA/DSC spectrum of cocrystal 1, Figure S2: TGA/DSC measurements of cocrystal 2, Figure S3: TGA/DSC
spectrum of cocrystal 3, Figure S4: 'H NMR of PTP, Figure S5: ®CNMR of PTP, Figure S6: 2D fingerprints plot
resolved in S~Hin 1, F+H, S+H and I-H in 2, F*H and N-+H in 3. The crystallographic data can also be obtained
free of charge in cif format by request from the Cambridge Crystallographic Data Centre at
www.ccde.cam.ac.uk/data_request/cif. The CCDC numbers of compounds 1-3 are 982538, 1982539, and 1982540
respectively.
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