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ABSTRACT

Kumar, Parveen

Synthesis and Structural Studies on Halogen(I) Complexes

Jyviaskyld: University of Jyvéskyld, 2022, 160 p.

(JYU Dissertations

ISSN 2489-9003; 549)

ISBN 978-951-39-9366-5 (PDF)

This thesis work has focused on the preparation and structural analysis of the halogen(I)
complexes from mono and multivalent ligands in solution, in gas phase and in the solid state.
Single crystal X-ray diffraction (SCXRD), NMR experiments, and mass spectrometry were
used to identify the conformations and structures of the halogen(I) complexes. In the literature
part, firstly the overview of the halogen bonding and the introduction of the three-center four-
electron halogen bond are given. Later the halogen(I) complexes of aromatic and aliphatic
ligands in solution and in the solid state are reviewed. The review chapter also presents the
recent solid-state study of nucleophilic iodine(I) interactions.

In this thesis, the results and discussion part describes the synthesis and characterization
of the silver(I), iodine(I), and bromine(I) complexes of mono and di-substituted pyridine
ligands. All [N---Ag---N]* and [N---X:--N]" complexes were analyzed with 'H-NMR and
SCXRD. In addition, some of the complexes were studied by 'H-'N-NMR HMBC
spectroscopy. In the second part, silver(I) and iodine(I) complexes of 1-methyl-1H-1,2,3-
triazole are synthesized and later used for the synthesis of [[(mtz),]PFs*[ Ag(bpy)2]PFs complex
(solid-state NIIs) and have been analyzed by NMR and SCXRD. The third part of the result
and discussion outlines the iodine [N---X---N]" complexes of NRiR2R3 amines. This is the first
example of [N---I---N]* iodine(I) complex where the nitrogen of the tertiary amines acts as
halogen bond acceptor, derived from their parent [N---Ag---N]" complexes. Final part reports
results from silver(I) complexes of tetra- and hexadentate ligands studied by using SCXRD,

NMR, and mass spectrometry.

Keywords: halogen bond, three-center four-electron bond, halogen(l) ions, supramolecular
chemistry, nucleophilic iodine(I) interactions, NMR spectroscopy, X-ray crystallography,
Mass spectrometry.
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Viitoskirjatyd raportoi mono- ja multivalenttisten ligandien halogeeni(I)-kompleksien
tutkimuksia liuostilassa, kaasufaasissa sekd kiintedssd tilassa. Yksikiderontgendiffraktio-
(SCXRD), NMR-spektrokopia- sekd massa-spektrometriamittauksia kéytettiin hyvéksi
tutkittaessa  valmistettujen  halogeeni(I)-kompleksien konformaatoita ja rakenteita.
Kirjallisuusosa késittelee halogeenisidosta yleisesti ja keskittyy tarkemmin neljdn elektronin
valittdimédén kolmikeskus (3c-4e) halogeenisidokseen. Kirjallisuuskatsauksen loppuosassa
kisitellddn hivenen yksityiskohtaisemmin aromaattisten ja alifaattisten ligandien halogeeni(I)-
komplekseja liuoksessa ja kiintedsséd tilassa, sekd lisdksi kuvataan lyhyesti nukleofiilisen
jodi(I):n vuorovaikutuksia (NII) Ag(I) ionin kanssa. Kokeellisen osan tulokset raportoivat
Ag(D), I(I) ja Br(I) kationien sisdltdvien mono- ja disubstituoitujen pyridiinien synteesi- ja
rakennekemiaa. Kaikki [N---Ag---N]" and [N---X---N]* rakenneosan sisiltivit kompleksit
analysoitiin NMR-spektrokopian ja yksikiderontgendiffraktion (SCXRD) avulla. Kokeellisen
osan toisessa osiossa syntetisoitiin 1-metyyli-1H-1,2,3-triatsolin Ag(I) ja I(I) kompleksit ja
niiden avulla valmistettiin erikoinen, kiintedn tilan NII-vuorovaikuksia sisiltdva,
[I(mtz):]PFs*[Ag(bpy)2]PFs kompleksi, joka analysoitiin NMR:n ja SCXRD:n avulla.
Kokeellisen osan kolmas osio raportoi jodi(I):n [N---X:--N]" komplekseja tertiaaristen
NRiR;R3 amiinien kanssa. Ty0ssd saadut tertiaaristen amiinien [RIR2R3N---I---NR3R;R ]*
jodi(I) komplesit on ensimmaiset erimerkit tilanteesta, jossa kolme eri substituenttia siséltdva
amiini toimii halogeenisidoksen vastaanottajana ja valmistetaan ldhtien vastaavasta
[RTIR2R3N---I---NR3RoR]*-kompleksista. Kokeellinen osan viimeisessd osassa tutkitaan
tiettyjen 4- ja 6-hampaisten ligandien Ag(I)-komplekseja SCXRD:n, NMR:n ja

massaspektrometria avulla.

Avainsanat:  Halogeenisidos, 3-keskinen 4-elektronin  sidos, halogeeni(I) ionit,
supramolekyylikemia,  nukleofiilinen  jodi(I)  vuorovaikutus, = NMR-spektroskopia,
Rontgenkristallografia, massaspektrometria.
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1. INTRODUCTION

Halogen bonding (XB) is defined as the attractive interaction of covalently bonded halogen
atoms towards nucleophiles.['! Halogen atoms are usually considered as an electron donor in
organic compounds because of their high electronegativity. However, when a halogen atom is
involved in covalent bond formation, the electron density is anisotropically distributed in
halogen atoms and that creates the lower electron density region along with the extension of
covalent bond.?! This lower electron density region (c-hole) leads to the formation of positive
electrostatic potential which can show interaction with electron-rich sites (aka nucleophiles).
The first halogen-bonded complex was reported in the 19th century when I, interacted
with electron-rich NH3; molecules containing lone pairs.*) In 1819 P. Pelletier and J. B.
Caventou reported the preparation of strychnine triiodide, in which I3~ anion was synthesised
by the interaction of I" with I,.[* It still took around another 100 years before grounbreaking
discoveries on charge-transfer interaction by R. S. Mulliken™ and O. Hassel!® (Nobel Prize in
chemistry in 1966 and 1969, respectively), probed these interactions which form such donor-
acceptor complexes. I. Remsen and J. F. Norris reported the 1:1 dimer synthesized by Br; and
Cl, with several amines in the late 19th century.l”) The first XB adduct (complex) of F» was
prepared and reported after 80 years!®!” and the preparation of F»---NH; and F»:--OH,

complexes were reported in the 1990s.[!!

1.1 Historical perspective

1.1.1 Background

In 1950 R. S. Mulliken!>'%!3) reported intermolecular donor-acceptor interactions when I, was
dissolved in a solution of ethers, thioethers, and carbonyl derivatives, where charge-transfer
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from the halogen occurs in all these complexes were analysed by UV-VIS spectroscopy. The
extensive X- crystallographic analysis by O. Hassel in 1950s provided valuable information
about these complexes formed by intermolecular interaction between dihalogens or
halocarbons with electron-donor moieties.['*!'¥! In 1954, Hassel published the first crystal
structure of a halogen-bonded complex, a striking crystal structure of a 1-D polymer of
alternating 1,4-dioxane and bromine molecules obtained from a 1:1 mixture of bromine and
1,4-dioxane (Figure 1).'¥ The Br---O distance was reported to be 2.71 A, which is smaller than
the sum of their respective van der Waals radii confirming the generation of a halogen bond
and the noticeable lengthening of the intramolecular bromine - bromine bond, from 2.28 to
2.31 A, was concluded to result from the charge-transfer interaction of 1,4-dioxane and
bromine. The bond angle of Br-Br---O was close to 180°. Later Hassel reported the crystal

structure of the complexes Brz-*C¢Hs and Cl---CesHes, which showed that m-donating

16,19]

component also form complexes with halocarbons.|

Figure 1. The structure of the polymeric 1:1 XB complex of 1,4-dioxane and bromine (Cambridge Struc-
tural Database (CSD), ref. code: DOXABR).['

In the following years, more research on such intermolecular interactions involving halogen
atoms was conducted?®?! and a review was published by H. A. Bent about donor-acceptor
complexes in 1968.122! J.-M. Dumas, M. Gomel, and M. Guerin'?}! studied the intermolecular
interactions in 1983, involving halo-organics in solution and in the solid state.

The real turning point for halogen bonding research was during the 1990’s when A.
Legon and co-workers started the systematic analysis of a series of halogen-bonded complexes
in the gas phase and studied their geometries and charge distribution via microwave

24111 Their study shows the similarities between “isolated” complexes and

spectroscopy.!
complexes in the condensed phase (solid state), while a minor influence on halogen bond length
and angle were noticed just because of lattice effects present in solid state and solvent effect
influence bond length and angle in the solution state. Within the same time period Resnati and,
Metrangolo and co-workers highlighted the significance of halogen bonding in the self-

[25-27

assembly processes I'and researchers started the “rediscovery” of halogen bonding as a

recognition motif in self-assembly processes.
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Later on, it became clear one could regulate the structure and function of self-assembled
complexes by changing the structure of molecules involved in XB synthesis. At the same time,
it took a long time to recognize that halogens are an essential part of the predictable formation
of strong, highly directional interactions in solid, liquid, and gas phases.?”?®! The
computational analysis by P. Politzer and J. S. Murray showed the anisotropic charge

(29311 and introduced the concept of “c-hole”,

distribution on covalently bonded halogen atoms
viz. a region where halogen atoms have a positive electrostatic potential.

Halogen bonds in the solid, solution, and gas phases are highly predictable and highly
directional, which has attracted the scientific community's attention and more researchers
started to notice the potential of halogen bonding as a new recognition motif from the beginning
of the 21st century. Over the past few decades, this interaction has evolved into a routinely
used tool to direct and control molecular assembly processes.*?! It has found a place in a wide
variety of contemporary chemical research fields including, material science, and medicinal

chemistry. [63,64,120,121,76]

1.1.2 The halogen bond

In the middle of the 20th century, the term 'halogen bond' began to emerge although it is hard
to pinpoint exactly when it was first used. Zingaro and Hedges used the term "halogen bond"
in 1961 to describe compounds originating from halogens or interhalogens, in solution, with
phosphine oxides and sulfides.**! In 1976 D. E. Martire and co-workers used this term to
describe complexes formed between haloforms with ethers and amines in the gas phase.[*
Then the term began to be used for other related systems.*>*! Following the publication of the
Metrangolo and Resnati report which correlated the structure of XB donors and acceptors and
the strength of their interactions, researchers began to use the halogen bond name regularly.!**!

As part of the International Union of Pure and Applied Chemistry's (IUPAC's) 2009-032-
1-100 project, halogens as electrophilic species were evaluated for their interactions with other
halogens.® In 2013, IUPAC proposed a definition that states that “4 halogen bond occurs
when there is evidence of a net attractive interaction between an electrophilic region
associated with a halogen atom in a molecular entity and a nucleophilic region in another,

or the same, molecular entity.”!"]

13



Halogen bond (XB) is commonly defined as follows:

R-X* Y

where the three dots represent a halogen bond, and X is any covalently bonded halogen atom
to R, and Y is an nucleophilic atom. R-X is referred as a halogen bond donor while Y is halogen
bond acceptor (electron donor) and it can be either neutral or an anion. Halogen(I), X", (aka
halenium ions) can also behave as bis-functional XB donors and form a three-centre four-
electron halogen bond. As a result of the R-X--'Y system, the interatomic distance between X
and Y is smaller than the sum of the van der Waals radii of the X and Y atoms involved and
due to this new interaction, concomitant lengthening of the covalent R-X bond is typically

observed. There is a directional nature to halogen bonds, with a bond angle of 180° in R-X-Y.

1.2 Nature of halogen bonding

1.2.1 The sigma-hole concept

Understanding the origin and characteristics of halogen bonding has become more important
in recent years. Originally, this interaction was described as a charge-transfer interaction,?”]
later denoted as the o-hole interaction. Several theoretical studies have investigated the nature
of the halogen bond over the past decade, but recently the c-hole concept and purely
electrostatic interactions have been challenged.*®*”) The true nature of halogen bonding is
frequently debated, but it is commonly described as non-covalent interaction. The c-hole
concept was introduced by Politzer and co-worker®® and elegantly explained the behavior of
halogen atoms in halogen bonds as an electrophile. Although, there are few halogen-bonded
complexes whose behavior cannot be simply explained based on the -hole concept. 4?11

Computational studies focus on the electron density distribution in the ground state and isolated
state. The electron density redistribution occurs when halogen atoms form covalent bonds and
the electric potential becomes anisotropic as a result of covalent bonds. Initially, P. Murray and
colleagues!?*>2>3 demonstrated the amphoteric nature of covalently bonded halogen atoms by
studying crystal structures and found that they could form interactions with both electrophiles
and nucleophiles. While electrophiles interact orthogonally, and nucleophiles prefer elongation
of the R-X bond. This phenomenon is called polar flattening and was later proved by

g [55-57

computational studied®¥ and X-ray structural analysi 1 Halogen atoms become oblate
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with shorter radius along with covalent bonds (Figure 2). Computational studies of CF3;X
molecules (X =F, Cl, Br, I) show the formation of positive electrostatic potential (the o-hole)
on the outermost portion of the halogen’s (Cl, Br, I) surface due to the anisotropic distribution
of electrons of covalently bonded halogen atoms. Around X's central part, three unshared
electron pairs produce a belt of negative electric potential.>®! This explains the interaction
pattern of the covalently bonded halogen atom and shows liner interaction with a nucleophile
and lateral interaction with an electrophile. Which explains the synthesis of a linear complex
R-X:--Y, through the attractive interaction between the c-hole of a covalently bonded halogen
atom X and a negative site of Y.°¥ The presence of 6-hole explains the electrophilic nature of
halogen atoms and forms close to linear structure with a nucleophile in halogen bond (Figure

2).

Nucleophilic end
i.e., hydrogen and halogen-bond
acceptor site
£+
Electrophilic end
5 === je. halogen-bond
donor site
R=FCl,BrICN,..
X =1, Br, Cl, F, (At)
Figure 2. This diagram illustrates the anisotropic distribution of electron density surrounding covalently

bound halogen atoms and the pattern of their interactions.>?]
1.2.2 Factors affecting halogen bonding

However, the halogen bonding ability of the molecules would depend on many factors like
polarizability, electronegativity of the halogen atom and the electron-withdrawing power of the
R-group.l®® Higher the positive charge on o-hole, stronger the halogen bond, and strong
electronegative R-group will enlarge the XB donor potential of the R-X group. While an
unexpected trend was recorded in the strength of CY3I (Y = F, Cl, Br, I) complexes formed
through halogen bond with chloride and trimethylamine.*?! Later it has been explained by
computational studies and noticed that higher electronegativity of the R-group always doesn’t
increase the donor strength of the R-X group. It was not fully explained by the electrostatic
effects of the o-hole and therefore, charge-transfer interactions and the Pauli repulsion were

suggested to have an impact.[**!
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Halogen bonds formed by Lewis bases interacting with halogen o-hole are typically weak
and do not affect interatomic distance much. It is possible to increase the bond strength of the
halogen bond by increasing the halogen's positive charge by oxidizing them into halogen(]),
X" 159601 There is a preference for simultaneous interactions with two Lewis bases, producing
halogen-bonded halogen (a halogen(I)) [L---X:--L]" structures.[®") The central halogen(I) ion
X" possesses a s’p* electron configuration, and its p-orbital shows spin-paired px’*py*p,’
arrangement, induced by electrostatic fields of the Lewis bases. In this case, halogen bond form
when Lewis base trasfer charge to the empty two lobes of the p,” orbital of the halogen atom.
Therefore, halogens form a halogen bond to the Lewis base through = -hole interaction rather
than c-hole interaction (Figure 3). A complex formed through this interaction shows a short
donor-acceptor distance. This interaction is partly covalent and partly electrostatics, and

strongly dependent on the involved halogen atom.[6?!

TPodd

Figure 3. The electrostatic potential at the surface of the [bis(pyridine)iodine(I)]+ complex. Blue is positive
and red is negative potential.[6%]

1.3 The structural features of halogen bonding

Halogen bond shows unique features like directionality, strength tunability, hydrophobicity,
and donor atom dimensions, which allows XB interaction to design and develop self-assembled
systems and is regularly used as the non-covalent interaction to synthesize supramolecular
complexes. Halogen bond (XB) is very much like the hydrogen bond (HB) and these
similarities of the bonding geometries and directionality have been successfully used to
influence the self-assembly of host-guest complexes, from porous, magnetic, and
phosphorescent materials, liquid-crystals, ion-pair recognition, biomolecules, and chemical

separations.[63-:64]

16



In halogen bond, nucleophile interacts with the halogen atom’s c-hole precisely on the
prolongation of the covalent bond(s) axis°! and due to that XB is more directional than HB.[6!

The R—X:--Y angle is commonly very close to180°.[21-38

1.3.1 The three-center four-electron (3c-4e) bond

Halogen bond strength is elucidateed by the synthesis of the three-center, four-electron (3c-4¢)
bond by interaction of two-electron donor Lewis’s bases and electron acceptor halogen(I), and
when aromatic Lewis bases like pyridine®®*%%%] are involved, the charge transfer process
increases this interaction strength. In the process of charge-transfer, halogen(I) loses its positive
charge, and this positive charge is distributed over the aromatic ring. This loss of charge and
effective charge-transfer process makes the short distance (Rxs < 1.0) (Rxs, is halogen bond
interaction ratio, defined as Rxs = dxs/(Xvaw + Bvaw), Where dxs [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)?! of halogen(I) involved into
[bis(heteroaryl)halogen(I)]* component straightforward.[®”] In the solid state, coplanar
geometry of the ring was observed and that is transition state in solution.[®® There is a rapid
association-dissociation equilibrium between bromine(I) and iodine(I) complexes in solution
(Scheme 1). It is known that these complexes are stable in solid form, as well as in solution in
the absence of nucleophiles, such as moisture, for numerous hours or even days at a time.[*"!
Lifetime of complexes depends on the electron density of the involved pyridine ring, which is

typically < 5s in solution.[*”!

®
CN ' x___N@ — CN----X----NO

Scheme 1. Solution-based association-dissociation equilibrium of [Bis(pyridine)halogen(I)]+ complexes oc-
curs rapidly.[%]

All four halogens can form a halogen bond and their ability to behave as XB donors is
explained by the polarizability of the halogen atoms and generally follows the order F << CI <
Br < I. Fluorine forms halogen bonds only under specific conditions®>*®! and chlorine(I) and
fluorine(I) complexes prepared only in solution at low temperature so far,'® whereas their solid
state structures are still not reported. Fluorine shows conventional asymmetric arrangement
while forming halogen bond, that is L-X:--L, in contrast to the other heavier halogens that

form similar long and strong halogen bond with symmetric geometric arrangements.5>-6!
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The strongest halogen bond known so far is in I37, between I ---1> while the Cl---Cl
interactions between chlorocarbons are among the weakest observed halogen bonds.!**! The
strength of the halogen bond can be modified by changing the halogen atom involved in bond
and the electron-withdrawing power of the R-group covalently attached to the halogen atom.*®]
The strength of halogen bond reported to range from 10 kJ/mol to 180 kJ/mol depending on
the donor and acceptor used.”®! Molecules that increase the anisotropy of the electron
distribution of the X, form stronger XB donors and that makes a strong halogen bond. In
halocarbons covalently bonded halogen atom shows different donor strength and this strength
increase in the order C(sp®) < C(sp?) < C(sp) when there are no other structural differences
present.[*8]

Halogen bonding is a directional bond, and it prefers linearity in the formed complex.
These directionality and geometry of the formed complex not only depend on the donor and
the s-hole, but it also affected by the acceptor moieties. For example, an acceptor involving
heteroatom Y with a lone electron pair generally forms the halogen bond along the axis of the
donated lone pair on Y, and an acceptor with & electrons of an unsaturated system, the donor

is perpendicular to the  system. Halide anions have spherical nature and due to that they can

adapt a variety of coordination numbers and shows several R-X:--X --X-R angles.[”"!

1.3.2 Halogen(I) complexes and [N::-X::N]* halogen bond

In contrast to conventional halogen bonding, when an electron is taken from the halogen atom,
it form a positively charged halogen(I), or halenium, ion X" (X =1, Br, or Cl). This X" halenium
ion behaves as an immensely polarized halogen atom and acts as a strong XB donor.l*”]
Halogen(I) ion interact with two suitable Lewis base (XB donor) and forms a three-center four-
electron (3c-4e) bond and is stabilized into a [L---X---L]* (L, Lewis base) complex.”!'In 1960s,
Hassel et al. have reported the first [bis(pyridine)iodine(I)] complex with a [N---I---N]" 3¢c-4e
bond”?! and later in 1960s, Crichton et al.,/*’* and Hague et al.’®’l have reported also the
synthesis or halogen(I) complexes and later it became popular in synthetic chemistry in the
form of Barluenga’s reagent.[’”*) Barluenga’s reagent, [bis(pyridine)iodine(I)]tetrafluoroborate
(Figure 4), is a stable white solid powder that function as a iodine atom transfer reagent as
well as an oxidant. It is soluble in both organic and aqueous solutions (it quickly
decomposes).[’®! Jose Barluenga and his coworker did more research about its use as a reagent
and published a variety of applications for the bis(pyridine)iodine(I) complex as an oxidating

agent and as an iodonating agent for aromatic electrophilic substitutions.”’*" Halogen(I) ion
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based complexes are very stable under suitable conditions and show exceptional strength of
the 3c-4e bond and ever since its discovery it became limelight in halogen bonding research

with recently published work by Erdelyi et al.,3%-61:666871.81-84] anq Rissanen et al.135]

Figure 4. The structure of bis(pyridine)iodonium tetrafluoroborate complex (counter-ion BF4 has been
omitted for clarity) (CSD ref. code: HUMMAD).!01]

The crystal structure of [py'-I---py]" was reported in 1961, with a centrosymmetric
arrangement and I3~ as a counteranion.l’”l At the same time, many crystal structures involving
nitrogen and iodine(I) or bromine(I) ions complexes were reported, but mainly they were
reported as charge-transfer complexes or reactive intermediates in organic synthesis.”*!% The
[N---X---N]" systems were found to be fully or close to symmetric and pyridine and pyridine
derivatives are commonly used in the formation of linear [N---X:--N]" bonds,*>%1%1 and
[N---X---N]* bonds containing other than aromatic sp” nitrogen atoms are also reported.[**°7101]

The halogen(I) based halogen bonded complexes have been recently reviewed by Erdelyi
and Turunen,’®® where nitrogen-based ligand used as lone pair donor and mostly reported

82891 Very recently, the first-ever asymmetric

complexes show symmetric [N---X---N]* bonds.!
halogen(I) complex (Figure 5) in a solid-state was reported by Rissanen and coworkers in

between pyridine and dimethylaminopyridine (DMAP).[*”]

Figure 5. Structure of the asymmetric iodine(I) [N---I--*N]" complex (counter-ion omitted for clarity)
(CSD ref. code: SURTIL).[¥!

Erdélyi and co-workers were the first research group who studied the halogen(I) ion from the

61.66.6881.83.84] In this three-center four-electron (3cde)

perspective of halogen bonding.!
[N---X--*N]" system, the halenium ion (X") is simultaneously stabilized by two identical
nitrogen electron donors, pyridine or pyridine derivatives of a clamp ligand (Figure 6). This

3cde complex system can be symmetric where the halogen(]) is centered between two nitrogen
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atoms having equally strong and long N---X bonds, and in another case, it can be asymmetric
where the X ion is closer to one donor atom with one shorter and stronger covalent N-X bond

and one longer and weaker N---X halogen bond.[*’!

]
\N
] H(D)
x®
]
N
|
N
Figure 6. The structures of [bis(pyridine)iodine]” complexes used to investigate 3c-4e systems in solution

and in solid state.[®!]

The [N---X---N]" halogen bond and the [N---Ag---N]" coordination bond are structurally
analogous and both systems result in bis-coordinated complexes with linear geometry.[!%%
Contrary to the silver(I) complexes, the halogen(I) complexes in solution!®®8! as well in solid-
statel®”! prefer symmetric bonds. However, based on the Lewis basicity of the XB acceptor,
halogen(I) complexes undergo rapid ligand exchange.®?! This ligand exchange occurring for
weak Lewis bases, is observed as line broadening in the NMR spectrum.®?! The symmetric
nature of the halogen(I) bond has been reported constant even by changing solvent polarity!¢!!
and counterion interaction.®¥ The robust nature of the halogen(I) complexes, and the tunability
of their strength, together with the possibility of the remoulding of the electron density in the
three-centered system, have made them a reliable tool both in the prepration of the large

supramolecular structures”!** and use in synthetic chemistry.[*"!

1.4 Halogen(I) complexes in the solid state

The halogen(I) complexes [L---X:--L]" (X = Cl, Br, I), also known as halogen(I) complexes,
are prepared by removing an electron from the halogen atom to its cationic state X*,>*" and
then stabilizing it with two Lewis bases (L). In the 1960s, these complexes were the first time
reported though they have not been recognized by researchers until the 1990s when Barluenga
reagent (bis(pyridine)iodine(I) tetrafluoroborate) shows many applications, including
electrophilic iodination of unactivated arenes, promoting the formation of C—C and C—X bonds,

and selectively direct iodination of peptides.!””-78:80]

20



The [L---1---L]" iodine(I) complex can be directly prepared by using elemental iodine (12)
with mighty strong Lewis bases such as DMAP (Scheme 2, route A). With other Lewis bases,
[bis(ligand)halogen(I)]" complexes can be easily synthesized (Scheme 2) via cation exchange
process from their respective 2-coordinate silver(I) complexes [L---Ag---L]". This process is
more reliable due to AgX formation, which is a stable side product and acts as driving force in

this reaction."!

— 21, — — i
A) 2 MezN—<\:,/\N —_— MezN—@ --p--N/;/>—NMe2 I3
= 21
(B) Q N--Ag_-N ;@1 —1 < :N__I__N: >An

Scheme 2. The synthesis of [bis(ligand)halogen(I)]" complexes, route A shows direct method and route B shows
via cation exchange from their respective silver(I) salts (an = anion).[>"]

Within the halogen(I) complexes, the most stable complexes is [bis(ligand)iodine(I)]" and the
largest sub-group of [bis(ligand)halogen(I)]" complexes, their stability order are : [L---1---L]" >
[L--Br---L]" > > [L---Cl---L]". The N-heterocyclic ligands (mostly pyridine derivatives,
Figure 7) are the commonly used Lewis bases in the synthesis of [bis(ligand)halogen(I)]"
compounds with a [N---I--*N]" 3c-4e bond. These complexes show decent stability as solids,

for example Barluenga’s reagent even being available commercially.

® ©
L--X--L An

~o ~NT CF,
X X X S B S
N N N N N N

Figure 7. The aromatic N-heterocyclic ligands previously used to synthesize [bis(ligand)halogen(I)]" complexes.
1.4.1 Aromatic [L:--I---L]* iodine(I) complexes

The stability of [bis(ligand)iodine(I)]" complexes have motivated researchers to look upon
these complexes and extensive solid state examples have been reported as well as their
structural features interrogated by many research groups. From all these studies, the I"--N
bond length of [bis(ligand)iodine(I)]*" complexes lies between 2.23(1)-2.32(1)A.1% ]t has been
reported that steric as well as electronic effects do not influence much on the I":-*N bond
length!® in the solid-state but these effects play a major role in electron distribution, I'---N

bond strength and its reactivity (Figure 8). For example, when 4-aminopyridine (4-NHzpy) is
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used in place of pyridine (I-N, bond length 2.256 A, average) as a Lewis base to form
[L---I---L]" complexes, the I'---N bond length becomes shorter (I-:-N, bond length 2.245 A,
average) as expected and I"---N bond becomes stronger.l'! Similarly, the predicted trend was
observed with sterically bulky group 2.,4,6-trimethylpyridine in place of pyridine, in which two
ortho methyl groups shows steric hindrance and due to that [bis(2,4,6-
trimethylpyridine)iodine(I)]* complex have longer I'---N bonds (I":--N, bond length 2.288 A,
average).!®3] Comprehensively, the I"---N bond strengths are significantly affected by steric and
electronic effects compared to I'--N bond length, indicating that bond strength should be

carefully considered when interpreting interaction strength.[®’!

2.252(3) 2.252(3)

Figure 8. The structure of the three [bis(ligand)iodine(I)]" complexes and their I*--*N bond lengths are
shown. (all distances in A and counter-ions omitted for clarity) (CSD ref. code: CICQIQO03[34],
YOFKIQU™, CICQOWO01[1951),

In all published, [bis(ligand)iodine(I)]" complexes, the [N---I:-N]" halogen bond shows
almost perfect 2-coordinated linear geometry with a bond angle of 180°. While the [bis(4-

trifluoromethylpyridine)iodine(I)]" complexes show the largest deviation from linear geometry

complexes, many anions have been used, no interactions between the anions (being
nucleophilic) and halogen(I) ions have been observed, the iodine(I) ions seems to “abhore”

anions. ¥
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1.4.2 Aromatic [L:-'Br---L]* bromine(I) complexes

Bromine(I) ion based complexes are very reactive compared to their iodine(I) analogues and
due to their less stability, very few examples of [bis(ligand)bromine(I)]" complexes appear in
the literature. Like the iodine(I) complexes, most of the bromine(I) complexes are reported by
using N-heterocyclic ligands with Br'---N bond lengths inside the range of 2.049(2)-
2.144(6)A,11%1 (Figure 9) and N---Br*---N bond angles within the range 176.2(2)—180°.11%*I The
[bis(3-methylpyridine)bromine(I)]” was one of the exceptions reported with an N---Br*---N
bond angle of 173.89°.[1%] The shortest Br'--N bond length was observed in

(107 and  the longest for [bis(2,4,6-trimethylpyridine)-

[bis(pyridine)bromine(I)]",
bromine(I)]".1"%! The Br"---N bond length can be expected to be longest and weakest in
strength in the case of electron-poor Lewis base ligands like in [bis(4-
trifluoromethylpyridine)iodine(I)]" complex.®*! Since, bromine(I) complexes are not much
stable, they tend to require strong Lewis base and due to that bromine(I) complexes haven’t

been reported much with electron-poor ligands.

Figure 9. The structures [bis(ligand)bromine(I)]* complexes (left; all distances in A and counter-ions omit-
ted for clarity) (CSD ref. code: DOWBIC!'?l and AKOXONO02(1%51),

Since the longest Br™---N bond length reported in 1975 (2.1862A) is from a room
temperature data collection.”®! Therefore, it might not be relevant to compare it to modern,

low-temperature data collections.

1.4.3 Aliphatic [L:--X:--L]* halogen(I) complexes

The halogen(I) complexes containing aliphatic amines as Lewis bases are vastly more rare

when compared to [bis(ligand)iodine(I)]* and [bis(ligand)bromine(I)]" complexes
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incorporating N-heterocyclic ligands (e.g., substituted pyridines). So far a limited number of
confirmed solid state examples are known and all have one of the three ligand as a coordinating
group: quinuclidine, #7781 DABCO(1,4-diazabicyclo[2.2.2]octane),198:109] or
hexamethylenetetramine (Figure 10).°4!1% An absence of potentially favorable mt-stabilization
is reported in the tertiary amine-based complexes of [bis(ligand)iodine(I)]+ compare to their
N-heterocyclic analogs, although the tertiary amine iodine(I) complexes remain stable as their
aromatic counterparts.®”] Tertiary amines with structure of NRiRiR> or NRiR2R3 based
[bis(ligand)halogen(I)]" complexes are not known in the solid state.

The known I"--N bond length ranges are 2.268-2.319A and 2.1202-2.1572A for
Br'---N. 1% The slightly bulkier nature of tertiary amines and absence of halogen(l) -
stabilization affect their bond length and their bond length is a slightly towards the longer side
of the ranges above discussed for [bis(ligand)halogen(I)]" complexes contaning aromatic N-

heterocyclic ligands.

Figure 10. The structure of the the three coordinating motifs that comprise all reported solid-state examples
of [bis(ligand)halogen(I)]" complexes incorporating tertiary amines (all distances in A and coun-
ter-ions omitted for clarity).(CSD ref. code: IWABIUB7], EDANAA %], HMTITIP4).

1.4.4 Multi-halogen(I) complexes

The supramolecular complexes based on halogen bonding are known to be constructed through
appropriate ligand design. There are not many instances where advanced architectures have
been achieved from [bis(ligand)halogen(I)]" ion complexes formed with aromatic N-
heterocyclic ligand, from their respective silver(I) complexes. In 2019, the first helix based on
iodine(I) ion was reported (Figure 11),[”) with the bond length for I*:--N bond were within the
range observed for iodine complexes with pyridine ligands (2.253(4)-2.302(4) A ). The unique

helical conformation brings the two iodine(I) centers very close to each other, only 3.887(1)A
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which is lesser than the van der Waals radii of two iodine atoms (3.96A), but helix structure
has no evident effect on the I"---N bond lengths.

The iodine(I) atoms in [bis(pyridine)halogen(I)]+ type complexes have a partial positive
charge (partial positive charges are transferred into the aromatic Lewis bases)* so there is
almost no electrostatic repulsion in between two iodine(I) centers. Thus, the helix was
stabilized by strong three-centre four electron halogen bonds in conjunction with the efficient
hydrophobic packing of its aromatic rings. There is even smaller I*---I* distance (3.7774(19)A),

in the electron-rich [bis(4-dimethylaminopyridine)iodine(I)]" complex.[®”]

Figure 11. The structure of the first reported helix based on halogen(I) ion, which contains two iodine(I)
centers in close proximity (counter-ions omitted for clear view) (CSD ref. code: NOMCAW!®7]),

The highly directional nature and reproducible bonding characteristics make

[bis(ligand)halogen(I)]" complexes a classic case for the self-assembling process towards

[59]

supramolecular architectures,”” even though it was achieved recently. Halogen(I) based

supramolecular cages (Figure 12) have been synthesized by using pyridine and DABCO as a

91931 Small modifications, like using synthons based upon either

rigid molecular backbone.!
meta- or para-attached pyridyl groups, solvent-based rearrangements, and considering factors
namely micro-solvation and entropic considerations!!'!! have even allowed for generating

5.2 By using these methodologies, polymeric halogen(I)

different supramolecular composition
species have been manufactured, also known as halogen-bonded organic frameworks

(XOFs).'31 These polymeric halogen(I) species open up the halogen(I) ion complexes field.
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Figure 12. Crsystal structures of the supramolecular architectures constructed from iodine(I) ions (counter-
ions omitted for clarity). (CSD ref. code: WEHTEL and WEHSUA). %3]

The first symmetric dimeric capsules stabilised by [N---I:-*N]" halogen bonds were
reported in 2016 by Rissanen et al. These dimeric capsules using tetrakis(3-pyridyl) ethylene
cavitands with different lower rim alkyl chains were synthesized and analysed in solution, solid
and in the gas phase (Figure 13).°!! More recently, dimeric iodine(I) and silver(I) cages from
tripodal N-donor ligands (Figure 14) via the [N---Ag---N]" to [N---I--*N]" cation exchange
reaction were reported by Rissanen et all''8l These reports serve as further proof of the
indisputable importance of halogen(I) ions as supramolecular synthons, in simple monodentate

ligand- complexes as well as in more sophisticated capsular assemblies.

R = CH,CH(CH,),
R = CH,(CH,),CH,

R=CH,(CH,),CH; R=CH,CH(CH,), R =CH,(CH,),CH,

Figure 13. The structure of the first reported symmetric dimeric Ag* capsules using tetrakis(3-pyridyl) eth-
ylene cavitands, and the modelled structure of the iodonium capsule. (counter-ions omitted and
ligand simplified for clarity) (CSD ref. code: EZACIT).’!
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Figure 14. The structure of silver(I) cages from tripodal N-donor ligands(left), and the dimeric iodine(I)
cages structure(middle) and spacefill representation of the calculated structure of iodine(I)
cage(right). (counter-ions omitted and ligand simplified for clarity). (CSD ref. code: XECJIC).[!!8]

1.4.5 Solid-state nucleophilic iodine(I) interactions (NIIs)

Nucleophilic iodonium interaction (NII) is a new solid state intermolecular interaction between
iodine(I) and silver(I) complexes,’® where iodine(I) center behave as a nucleophile to a Ag"
cation of a 4- or 2-coordinate complex. This new short I"---Ag" contact was first reported in
2021 by Rissanen et al®® where NII interaction was observed in the solid state °*3336] a5 well
as in solution by isothermal microcalorimetry (ITC).”® To observe and define this interaction
is very troublesome due to its apparent similarity to the Ag"---Ag" argentophilic interactions
which are often observed for the Ag-complex structure in the solid state. Computational studies
have shown that no retrodonation of silver(I) metal centers to iodine(I) ions occurs when I” and
Ag" interact strongly.)

It is relatively easy to isolate a solid-state compound based on nucleophilic iodonium
interaction from the compatible pairs of 2-coordinate [L---I---L]" and [L---Ag---L]" complexes,
which mix 1:1 ratio even when ligand exchange occurs rapidly in solution.®! The
[bpy---Ag---L]" complexes (Scheme 3) of bipyridine and substituted pyridine can also be used
to create NIIs complexes, where 4-coordinate Ag-complexes [bpy---Ag---bpy]" interact with a
linear 2-coordinate geometry of iodine(I).**%¢! Elusive behavior of this interaction makes it
difficult to confirm its existence and due to that reason only three examples have been
confirmed so far by using X-ray diffraction in solid state (Figure 15). These include I'---Ag"
distances, 3.5184(7) A,[*¥ 3.4608(3) A, and 3.4043(4) A,[®® which are reasonably smaller

than the sum of the van der Walls radii of iodine and a silver atoms (3.70 A).
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Scheme 3. The synthetic routes to synthesise NIIs complexes from 2- or 3-coordinate silver(I) complexes. 85361

7 “N—Ag—N’ N\
O
Figure 15. Three examples of Nucleophilic Iodine(I) Interactions (NIIs, shown by dashed lines, counter-ions
omitted for clarity) (CSD ref. code: OMIQOTP], EPEZAD®¢] EROGIE®).

1.5 Halogen(I) complexes in solution

The strength of halogen bonds and their properties have puzzled researchers, and it triggered
the investigations in this field. In 2010, study of their properties has been started and mainly in

solution by spectroscopic techniques, later supported by computational calculations. 633!

1.5.1 Fluorine(I) complexes

A fluorine(I) atom prefers traditional halogen bonds, L'-F---L, which have one distinct and
strong covalent bonds, L-F and a week and long L---F halogen bond.[*® These complexes form

halogen bond through a ¢ hole and ligand(L) contains the positive charge of the complex. There
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are very few fluorine-based halogen bonds, which can only be prepared when fluorine is
directly connected to a strong electron-withdrawing group, that augments its c-hole, such as
pyridine nitrogen. Fluorine(I) complexes have been studied by diffusion NMR spectroscopy,
where the diffusion rate of N-fluoropyridinium ion (D = 41 x 10—10 m?%/s), is a bit slower in
the presence of pyridine compare to in the absence of it (D = 120 x 10—10 m?/s).[%! The
complex is not stable at ambient temperature, it decomposes quickly, but it is stable at -35°C
in solution.!®s! Fluorine(I) based complexes, known as 1-fluoropyridinium heptafluorodiborate
pyridine, are used as a fluorinating reagent in synthetic chemistry and this complex is stabilized
by protonation of non-covalently bonded pyridine ring(otherwise it will be active for

electrophilic fluorine(I) approach).

1.5.2 Chlorine(I) complexes

The chlorine-centered halogen bonds are uncommon as well. The [bis(pyridine)chlorine(I)]*
complex is stable in DCM solution at -80°C, and examined by relaxation studies.[° It has been
observed that protons close to halogen bonded chlorine(I) ion, relaxes much faster than the
static pyridine and [bis(pyridine)silver(I)] triflate complexes or of the [bis(pyridine)proton]”
complex. Because of the rapid relaxation of proton close to the chlorine(I) ion, only 'H,*C

NMR have been observed for this complex.

1.5.3 Iodine(I) and bromine(I) complexes

Iodine(I) and bromine(I) behave similar to chlorine(I) complexes and form 3c-4e bonds in
solution. These [L---X---L]" complexes are stable at ambient temperature in dichloromethane
and acetonitrile solutions, while bromine(I) complexes were more sensitive.[*!] Further
studies like isotropic perturbation of equilibrium observation using NMR, 668811 confirms their
centrosymmetric geometry and they maintain their symmetry in the solid state as well.[°” The
properties of these complexes are studied initially using monodentate ligands, but later avoided
due to the possible misinterpretation of the data resulting from the dynamic equilibrium.®*
Later researchers focused more on preparing entropically favored ligands that are less

[5981.82] The unstrained bis(pyridine)-type

susceptible to chemical exchange process(Figure 16).
complexes undergo ligand scrambling by involving into dynamic association-dissociation
equilibrium, while complexes with 1,2-diethynylbenzene backbone (middle, Figure 16) does

not agonize from ligand scrambling and also entropically favored. Although the flexible
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analogue (right, figure 16) is not prone to strain, it does retain an entropic advantage that

prevents the scrambling of ligands.[3!-#%]
~
N
> |
| W
‘
\ i
S ]
Figure 16. Three examples of [N---I--*N]* halogen bonds of different nature and geometry.[8!:82!

The centrosymmetry of these complexes have not been affected by the different polarity of the
solvent, though it does influence counter-ion coordination, and somewhat explain the solvent-
dependent reactivity of Barluenga’s reagent.[!'*l The major differences have been observed
between the behavior of silver(I) complex and halogen(I) complexes where silver(I)
coordinates to anion through available empty orbitals in silver(I) and form argentophilic
interactions, however, due to the lack of empty orbitals, [N---X---N]" complexes cannot form
Lewis acids. In solids, counter ions pack asymmetrically, but have no effect on the
[N---X---N]* bond's symmetry.®¥ These differences have been confirmed by studies of
bidentate ligands using diffusion NMR analysis and later by computational studies and SCXRD,
results specify that silver(I) forms dimers or polymer complexes with the 3,3'-di(pyridin-2-yl)-
1,1’-binaphthalene ligand, whereas iodine(I) stabilized into monomeric form.!!*]

It has been reported that the electron density of the Lewis base has a major influence on
the strength of the bonds, however, the electron density changes on both coordinating Lewis
bases in a symmetrical manner does not affect the geometry of [N---I---N]" complexes (Figure
17).""1 The electron-deficient Lewis base forms a weaker halogen bond and correspondingly
shows higher reactivity in halogen(I) transfer reactions. On the other hand, an asymmetric

Lewis base causes asymmetry in the halogen bonds between [N---I---N]".[116]
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Figure 17. A systematic change in the electron density of the iodine(I) was achieved by variation of the
substituents of pyridines (R = H, Me, OMe, NMe,, F, CF3, NO>), which resulted in complexes
that possess increasing electron density as follows: NO, < CF; < H < F < Me < OMe < NMe,.[”"!

The NMR spectroscopy in solution!!!®) and X-ray crystallography in solid state®*! confirms the
asymmetric electron density produces asymmetric halogen bonds. The asymmetry of the
halogen bond was measured by the change in coordination shift of the halogen bonded nitrogen
atoms (Table 1). Thus, the A3'°Ncoord of the nitrogen atoms of the asymmetric systems
possessing methyl and trifluoromethyl substituted pyridine, are ~ 10 ppm greater and smaller
than those in the systems with two CH3 or two CF3 groups. Which tells us about the change in
SN of the nitrogen atoms of the asymmetric complexes differs due to the formation of
different strengths and lengths of N---I bonds as well, along with the distinct electron densities
on ligands. The A3'°Ncoords indicate that the iodine(I) in the halogen bonded complex is much
more close to the nitrogen of the 4-CHj3 substituted pyridine ring than the less electron-rich, 4-
CF; substituted pyridine. The computational calculation also confirms these analyses and
recently reported X-ray crystallographic studies of the asymmetric bis(pyridine) iodine(I)

complexes authenticate these results (Figure 5).%!
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Table 1. The >N NMR chemical shifts and coordination shifts (ppm) of the ligand, symmetric and asym-
metric Iodine(I) complexes.!'!f!

Structure R/R 0" N complex 0" Niigand AOYNoord

CH,
7

// N

N CH5/CH; -170.3 -69.2 -101.1
l_
CH,
CH,
fN )

=

z CH; -183.1 -71.8 -111.3

N CF; -145.1 -53.7 -91.4
l_
CF,
CF;
7

// N

N CF3/CF3 -156.7 -53.4 -103.3
l_
CF;

The backbone and N-N distance play a vital role in the geometry and stability of the
bidentate ligand-based halogen bonded complexes.®!! The optimal value for [N---I---N]* bonds
is 4.5 A, where ligands imposing a N-N bond distance larger than 4.8 A are anticipated to show

asymmetric geometry.!!6!
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2 RESULT AND DISCUSSION

Aim of the work

The primary aim of this work was to synthesize [N---X:--N]" (X = Ag, I, Br) complexes by
using different nucleophilic ligands, like 2-halo- and 2,6-dihalopyridines and analyzing their
halogen bond formation behavior. In the second part of the work, a new interaction between
halogen(I) ions and Ag(I) ions has been previously published®!, and report the candidate’s
work in that publication.”” In addition, NR;R2R; tertiary amines were used to synthesize new
chiral [N---I--N]" complexes to probe halogen bond formation using tertiary amines. The last
step of this thesis work was to investigate the silver(I), iodine(I), and bromine(I) complexes of
tetra- and hexavalent ligands.

The halogen(I) complexes are most frequently been prepared through the
[N-+Ag-~N]"—[N--I-N]" cation exchange reaction. New 2-coordinate and 3-coordinate silver
complexes were utilized to further collect knowledge that they undergo the cation exchange
with the treatment of the silver complex with elemental iodine, while the now used 4- and 6-
coordinate Ag-complexes have not been tested for similar reactions to yield halogen(I)
complexes.86:20-102]

The 'H-NMR spectroscopy and HMBC spectroscopy in solution were the main
characteriszation techniques to be used. Mass spectrometry and single-crystal X-ray diffraction
studies were done by the collaborators and analyzed by the candidate. The silver(I) complexes

of tetra- and hexavalent ligands were studied in different solvents and solvent mixtures.
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2.1 Silver(I), iodine(I) and bromine(I) complexes of 2-halo- and 2,6-di-
halopyridines

2.1.1 Synthesis of the [N:--X::*N]* complexes

The halogen(I) complexes are prepared through the [N---Ag---N]" — [N---X---N]" cation
exchange reaction from the analogous silver(I) complexes, which is ubiquitous for 2-coordinate

[67,71,82,84,89,91-93,102,117,118] and 3-coordinate [86,90,102] silver

silver(I) precursors. The 2-coordinate
complexes are shown to readily to undergo the cation exchange with the treatment of the silver
complex with elemental iodine and bromine. The synthesis of the halogen(I) complexes, named
here as [L-X-L]Y (L =ligand, X =1or Br, Y =PF¢  TfO", BF40r Brs", - = --) proceeds smoothly
from the corresponding [L-Ag-L]Y (Y = PFs", BF4or TfO") silver complexes of commercially

available pyridine derivatives upon treatment with elemental iodine (Iz) or bromine (Br)

(Scheme 4).1¢!

=F,R =H =R =F
DRi_c| g -H 6)R1 R =cl X =Br]
2)Ri_ Br.R —H (7) Ri_p2_p Y = PFg, SO;CF;3, BF4, Bry
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GRi_epz -y DR g —cn
)R 3, Ro 1R, > 3
Scheme 4. General synthesis of [N—X—N]* complexes using mono- and di-substituted pyridines, 2-fluoro-

pyridine (1), 2-chloropyridine (2), 2-bromopyridine (3), 2-iodopyridine (4), 2-methylpyridine (5),
2,6-difluoropyridine (6), 2,6-dichloropyridine (7), 2,6-dibromopyridine (8), 2,6-diiodopyridine
(9), and 2,6-dimethylpyridine (10).

The silver complexes were synthesized by mixing 2.0 eq of halopyridines (1 - 10,
Scheme 4) with 1.0 eq silver(I) salts (AgPFs, AgSO;CF3 and AgBF4) in a DCM solvent. To
obtain the [L--*Ag---L]" silver(I) complexes, solution was stirred for 10 min at room

temperature. The conversion from the free ligand to the silver(I) complexes were followed with

[L---Br---L]" halogen(I) complexes were obtained through the [L---Ag---L]" — [L---X---L]"

(X =1 or Br) cation exchange reaction (Scheme 4) by the addition of 1.1 eq of elemental
iodine(I>) and bromine(Brz) respectively to a solution of the silver(I) complexes,!®®! which
concomitantly resulted in the immediate precipitation of Agl. The solution was filtered, and

the filtrate transferred into two portions. The bromine (I) and iodine(I) complexes [L---X---L]"
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(X =1 or Br) were not isolated and the first portion was used as such for the 'H and 'H-'°N

HMBC NMR experiments and second portion were used as such for the crystallization.

2.1.2 NMR studies of the Ag(I), I(I) and Br(I) complexes

The complexation of the ligands (1 - 10, Scheme 4) to the silver(I) and iodine(I) com-
plexes were studied with '"H NMR spectroscopy (Figure 18-23) in a non-coordinating
CD:Cl: solvent as hexafluorophosphate as the counter ion. The 'H-'>N HMBC correla-
tion measurements were done only to ligands 4, § and 9, their silver(I), iodine(I), bro-
mine(I) complexes and protonated ligands as their trifluoroacetate salts ([4H]TFA,
[SH]TFA and [9H]TFA) (Figure 24-38). The '"H NMR analyses of the silver complexes
[L-Ag-L]PFs (Scheme 4) for ligand 1-5 and 10 indicated conversion from the ligands
to the silver(I) complexes and demonstrated clear complexation-induced changes in the
chemical shifts for the silver(I) complexes of the 2-halo ligands 1-4, 2-methylpyridine
(5) and 2,6-dimethylpyridine (10) (Figure 18-23). The 2,6-dihalo ligands 6—9 showed
ambiguous coordination shifts (D§'Hcoord = §'Hcomplex — §'Hligand and DS'*Ncoord
= 5! Ncomplex — 8'°Nligand), yet the 2,6-dimethylpyridine (10) showed similar behav-
iour as 1-5. The 'H NMR spectra of ligands 1-5 and their silver(I), iodine(I) and bro-
mine(I) complexes, and the protonated ligands 1H', 2H", 3H", 4H", and SH" are given
in figure 18-22.
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Figure 18. The '"H NMR chemical shifts for 1 (black), [1-Ag-1]" (red), [1-I-1]" (pink), [1-Br-1]" (brown),
and 1H" (blue) in CD>Cl; at 300 MHz.
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Figure 20.
(brown), and 3H" (blue) in CD,Cl, at 300 MHz.
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Figure 21. The 'H NMR chemical shifts for 4 (black), [4-Ag-4]" (red), [4-1-4]" (pink), [4-Br-4]* (brown),

and 4H" (blue) in CD,Cl, at 300 MHz with hexafluorophosphate as counterion.
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Figure 22. The '"H NMR chemical shifts for 5 (black), [5-Ag-5]" (red), [5-1-5]" (pink), [5-Br-5]" (brown),
and 5H* (blue) in CD,Cl; at 300 MHz with hexafluorophosphate as counterion.

The "H NMR coordination shifts from the free ligand to the silver(I) complexes are all down-

field (+, less shielded) varying from 0.10 to 0.41 ppm for all silver(I) complexes with very

similar trends. For [4-Ag-4]" (Figure 21) they are +0.10 (proton a), +0.31 (proton b), +0.32
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(proton ¢) and + 0.24 (proton d) ppm, the corresponding values for [5-Ag-5]" (Figure 22) are
+0.18, +0.40, +0.39, + 0.41 ppm. The protonated ligands (1H"-10H") are frequent side products
of the Ag(I) -> I(I)/Br(I) cation exchange reaction and often give very similar 'H NMR spec-
trum as the corresponding silver(I) complex., [67:71:82:84.89.9193.102. 7,118 Thyg the 'TH NMR of the
protonated ligands were measured under same conditions to distinguish them from each other
and from the iodine(I) and bromine(I) complexes. The chemical shift changes from the free
ligand for 4H" (Figure 21) are +0.20 (a), +0.24 (b), +0.26 (c) and +0.20 (d) ppm, SH' (Figure
22) +0.32 (a), +0.57 (b), +0.66 (c), + 0.53 (d) ppm. Small but definitive differences in the 'H
NMR spectra of the silver(I) complexes and protonated ligand allows unambiguous distinction
between these two species.

The iodine(I) and bromine(I) complexes of the 2-halo ligands 1-4 and 2-methylpyridine
(5) show a very similar 'H NMR coordination shift trends as the previously published pyridine
derivative iodine(I) and bromine(I) complexes.!6771:82:8489.91-93,102. U718 The jodine(I) com-
plexes show larger downfield shifts than the corresponding bromine(I) complexes, varying
from 0.01 to 0.75 ppm for the iodine(I) and 0.01 to 0.50 ppm for the bromine(I) complexes of
the monohalo ligands (Figure 18-22). For [4-1-4]" and [4-Br-4]" (Figure 21) the shifts are +0.75
(a), +0.28 (b), +0.47 (c) and + 0.51 (d) and +0.15 (a), +0.25 (b), +0.28 (¢) and + 0.21 (d) ppm,
respectively. Analogously the corresponding values for [5-1-5]" are +0.43, +0.28, +0.52 and
+0.45, and for [5-Br-5]" +0.18, +0.38, +0.47 and + 0.40 ppm (Figure 22).

The '"H NMR spectra 2,6-dihalo ligands 6-9 show completely different, unpresentended,
behaviour while the 2,6-dimethylpyridine (10) behaves as the previously reported halogen(I)
pyridinel67-71:82:84.89.91-93,102, 117181 a4 2_halosubstituted pyridine (1-5) complexes (Figure 18-
23). The figure 23 depict an overlay of the aromatic region (8.1-6.6 ppm) of 25 'H NMR spectra
of L, [L-Ag-L]", [L-I-L]", [L-Br-L]" and LH* (L = 6, 7, 8, 9, and 10). The '"H NMR spectra
of 10, [10-Ag-10]", [10-1-10]", [10-Br-10]" and 10H" reveals the “expected” downfield coor-
dination shifts upon Ag(I), I(I) and Br(I) complexation.

The 2,6-disubstituted pyridines have only two protons (a, a doublet and b, a triplet, Figure
23), which in the case of ligand 10 manifest very clear downfield shifts from the free ligand 10,
viz. +0.35 (a) and +0.33 (b) ([L-Ag-L]"), +0.28, +0.32 ([L-I-L]") , +0.35, +0.37 ([L-Br-L]"),
+0.47, +0.59 (LH") (Figure 23, thick blue spectra). The chemical shifts of the a and b protons
on the free 2,6-dihalo ligands 6-9 show a rather peculiar behavior of signal position exchange.
For the 2,6-difluoropyridine (6, red spectrum, Figure 23) the proton a resonates at 6.85 ppm
and the b at 7.92 ppm with a separation of 1.07 ppm. For 2,6-dichloropyridine (7, black spec-
trum) the @ signal moves down-field and the b up-field, approaching each other with separation
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of 0.35 ppm. In 2,6-dibromopyridine the same movement continues so that the @ and b signal
overlap at 7.46 ppm (8, magenta spectrum). Finally, the signal movement reaches its peak with
2,6-diiodopyridine (9, green spectrum, Figure 23), where the a and b signals exchange position

so that a resonates at 7.71 and b at 6.97 ppm (with separation of 0.74 ppm).
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Figure 23. The 'H NMR chemical shifts for L, [L-Ag-L], [L-I-L]", [L-Br-L]" and LH" from bottom to top,
6 (red), 7 (black), 8 (magenta), 9 (green) and 10 (blue) in CD>Cl, at 300 MHz with hexafluoro-
phosphate as counterion.

The coordination shifts in the 'TH NMR spectra of the 2,6-dihalo ligand Ag(I), I(I) and
Br(I) complexes [L-Ag-L]", [L-I-L]", [L-Br-L]" (L = 6, 7, 8 and 9) are markedly different
from the previously published corresponding unsubstituted,®! para-,[*#*! and 2-halo (1-4 above)
pyridine complexes. Most remarkably the 2,6-dibromopyridine 8 seems to be surprisingly per-
sistent to the coordinative interaction with the silver(I) and halogen(I) cations, the overlapping
a and b signals are hardly shifting at all, only the [8-Ag-8]" and 8H" manifest a slight (< 0.05
ppm) downfield shift (Figure 23, magenta spectra) and the [8-1-8]" and [8-Br-8]", 'H NMR
spectra being virtually identical with the free ligand 8. Within experimental error such a small
coordination shift will render the identification of each species of 8 ambiguous. The 2,6-
difluoro- (6, red spectra) and 2,6-dichloropyridine (7, black spectra) behave similarly, both
showing very small (< 0.1 ppm) downfield coordination shift upon silver(I) complexation,
while the iodine(I) and bromine(I) complexation indices no shift for 6, and only very minute
for the 7. Slightly larger, yet analoguous coordination shifts as for 6 and 7 occur for the 2,6-
diiodopyridine (9, green spectra) observable downfield shifts from the free ligand 9, viz. +0.19
(@) and +0.22 (b) ([9-Ag-9]7), +0.05, +0.08 ([9-1-9]"), +0.02, +0.03 ([9-Br-97%), +0.03, +0.03
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(LH") (Figure 20, green spectra). The most feasible explanation about the ambiguous 'H NMR
behaviour of the 2,6-dihalopyridines and their complexes is the very weak nucleophilicity/nu-
cleophilic character of the ligands that renders the formation of the I" and Br" complexes during
the [N-Ag-N]" — [N-X-N]" (X = I or Br). The trifluoroacatic acid (TFA) is not strong enough
to protonate the ligands 6-9 failing to form the pyridinium cation. Only the Ag" cation is able
to coordinate to the less nucleophilic nitrogen of 6-9. This is also supported by the fact that no
solid state I', Br" and H" complexes could be isolated, yet all except the 2,6-difluoropyridine
(6) afforded the Ag" complex X-ray structure (see below XRD part).

The above observation about the different complexation behaviour of the 2-halo- vs. 2,6-
dihalopyridiens was verified by the use of 'H->’N . HMBC NMR spectroscopy, which has
proven to be much more powerful tool for the study of the complex formation compared to the
small or negligible coordination shifts observed in the 'H NMR spectra (Figure 23). The chem-
ical shift range of the '°N nuclei is much wider (5-150 ppm) and the direct coordination of the
nitrogen nuclei to the cation in the complexation makes N NMR, especially the 'H-'°N
HMBC NMR a convenient technique for monitoring the cation exchange reac-
tion.[61:66.68.83,84,91,119]

For successful complex formation large and consistent '>’N NMR coordination
shift (D3'°Ncoord) to lower frequencies (downfield) are observed for the pyridinic N-
atom upon silver(I) and halogen(I) complex due to the coordination of silver(I) to the
N-atoms of the pyridine ([N-Ag-N]") bonds and subsequent [N-X-N]" three-center four-
electron (3c-4e) bond formation. The unsubstituted uncomplexed pyridine has a >N
chemical shift (8'°N) of -67.7ppm®’! (H-'>"N HMBC NMR, d-DCM), increasing nucle-
ophility by an electron-releasing ethyl substituent in the para-position results in §'°N of
-75.6 ppm under the same conditions.!®®) Very strongly electron-withdrawing CF3-sub-
stituent at the 4-position of pyridine have been shown to cause a shift by +17ppm to -51
ppm®Ireflecting the diminished nucleophilic character of the N-atom.

The §!5N of ligands 2-iodo- (4) and 2-methylpyridine (5), and 2,6-diiodopyridine
(9) and their complexes were measured in CD,Cl, using 'H-'"’N HMBC experiments
(Figure 24-38). Formation of the [N-I-N]" halogen bond has been observed to result in
downfield D8 Ncoord > 100 ppm.[**! The N-atom in 2-iodopyridine 4 is less nucleo-
philic with §!°N of -50ppm due to the iodine atom at the 2-position(Figure 24). In 2-
methylpyridine 5 the situation is reversed leading to a '°N of -68 ppm, very similar to
that of pyridine (Figure 29). A dramatic change in §!°N occurs with the 2,6-diio-

dopyridine 9, where the nucleophilicity is lowered even more giving 3'°N of -36.8 ppm
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(Figure 34). Both 4 and 5 manifest the expected D§!°Ncoord behavior upon the Ag(I),
I(I) and Br(I) complexation and increases in the order of Ag(I) < Br(I) <I(I) (Figure 25-
27 for 4 and Figure 30-32 for ligand 5). The D§'°Ncoord for 4 are smaller, -104, -57 and
-32 ppm for I', Br" and Ag" complexes, respectively, while for 5 they are -99, -75 and -
58ppm. The most drastic difference between 4 and 5 occurs in their H complexes ppm
(Figure 28 and 33). For SH" it has the expected value, -164ppm, very close to that if the
I'" complex®?), while 4H' 8'°N is -74ppm, with only D&'°Ncoord of -24ppm., a very
unusually small D3'*Ncoord value. This very likely is a result of formation of a “nor-
mal” R-COOH---N hydrogen bond which has much lesser effect on the chemical envi-
ronment of the N-atoms. However, the nucleophilicity of 4 is not reduced so much that
the I'" and Br" complexes would not form, this is evidenced by the isolation the I" and

Br' complexes in the solid state (see XRD below).
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Figure 24. 'H,">"N HMBC spectra of 4 in CD,Cl.
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Figure 26. 'H,">"N HMBC spectra of [4-1-4]PFg in CD,Cl,.
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Figure 28. 'H,'>N HMBC spectra of [4H] CF3COO in CD,Cl,.
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Figure 30. 'H,'>N HMBC spectra of [5-Ag-5]PFg in CD,Cl.
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Figure 32. 'H,'>N HMBC spectra of [5-Br-5]PFs in CD,Cl.
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Figure 34. 'H,'>N HMBC spectra of 9 in CD,Cl.
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Figure 36. 'H,'>N HMBC spectra of [9-1-9]PFs in CD,Cl..
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Figure 38. 'H,'>N HMBC spectra of [9H] CF3COO in CD,Cl,.

The 'H NMR of the 2,6-dihalopyridines evidenced that the nucleophilicity is reduced so
much that the I and Br" complexes are no longer stable. The 'H-'>’N HMBC NMR of 9
is very clear evidence in this situation (Figure 34-38). The D&!° of 9 is -39ppm (Figure
34), a much lower value that for 4 (-50 ppm) and 5 (-68 ppm) indicating severely re-
duced nucleophilicity. Due to the stronger complexation ability of the Ag" cation, the

complex is formed in solution and also verified by X-ray structure (see XRD part below)
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in the solid state. The D3’ Ncoord of -19ppm for the [9-Ag-9]" complex is small, yet in
relatively terms (49%) the same as for [4-Ag-4]" (39%) and [5-Ag-5]" (46%). The 9H*
8!5N of -44ppm, with D3'*Ncoord of only -5ppm, indicates a really weak “normal” hy-
drogen bonding between TFA and 9. The D&'3 values -43ppm (“[9-1-9]"") and -40ppm
(“[9-Br-91") for complexes of 9 after the [N-Ag-N]" — [N-X-N]" (X =1 or Br) cation
exchange reaction shows that the I" and Br" complexes are not formed, and a mixture
of free 9 and 9H" explains the observed 8'°N values. This is also supported by the fact

that no I" and Br" complexes from 6-9 could be isolated in the solid state.

2.1.3 Crystallographic studies of the Ag(I), I(I) and Br(I) complexes

Single crystal was grown by the slow evaporation process (see details section 3.2). This
synthesis procedure successfully leads us to obtain twenty-six crystal structures (Table
2, see crystal data in appendix 1-26) for the present study, and their structural bond

parameters are given in Table 3.

Table 2. Crystallization experiments data for the Ag*, I", Br* and the H" complexes.

Ligand Ag(I) complex I(I) complex Br(I) complex H* complex

1 - [1-I-1]PFs [1-Br-1]PFs =
[2-Ag-2]PFs

2 - - [2-H-2]PFs
[2-Ag-2]OTf

3 [3-Ag-3]PF¢ [3-1-3]PFs [3-Br-3]PFs =

4 [4-Ag-4]PF¢ [4-1-4]PFs [4-Br-4]PF; -

[5-Br-5]PFs

5 [5-Ag-5]PF¢ [5-1-5]PFs [5-Br-5]Br; =

6 - - - -

7 [7-Ag-7T]0Tf - - -
[8-Ag-8]OTf

8 - - -
[8-Ag-8]BF4
[9-Ag-9]PFs

9 - - -
[9-Ag-9]0Tf
[10-Ag10]PFs [10-Br-10]PFs

10 [10-1-10]PFs [10-Br-10]OTf -
[10-Agl10]OTf [10-Br-10]]Br3
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Table 3. Crystallographic parameters for [N---Ag---N]*" and [N---X---N]" complexes.

(N---Ag/X:-*N) (N--*N) (N---Ag/X---N) Rxs Torsion angle
A A deg (planes)
[1-1-1]PF 2.263(2) *2 4.549(3) 175.69(8) 0.641 37.91(8)
[1-Br-1]PF, 2.098(4)*2 4.195(6) 176.3(2) 0.617 38.69(2)
[2-Ag-2]PF, 2.150(4)*2 4.300(6) 178.0(2) 0.00
[2-Ag-2]0Tf 2.210(3), 2.224(3) 4350(5) 157.7(1) 60.8(1)
[3-Ag-3]PF, 2.151(4)%2 4.299(6) 176.0(1) 33.5(1)
[3-1-3]PF 2.265(3)*2 4.530(6) 180.0(2) 0.642 0.00
[3-1-3]PF 2.265(3), 2.288(4) 4.551(5) 176.9(1) 0.642, (X-B=2.26) 52.8(1)
0.648, (X-B=2.29)
[3-Br-3]PF 2.097(3)*2 4.192(5) 177.3(2) 0.617 0.00
[4-Ag-4]PF 2.162(3), 2.161(3) 4321(5) 176.5(1) 45.1(1)
[4-1-4]PF 2.261(2), 2.297(2) 4.557(4) 176.99(9) 0.640, (X-B=2.26) 9.54(9)
0.651, (X-B=2.30)
[4-Br-4]PF 2.113(5), 2.094(5) 4.204(8) 175.6(2) 0.621, (X-B=2.11) 18.34(2)
0.616, (X-B=2.09)
[4-Br-4]PF, 2.081(3)*2 4.144(8) 169.5(2) 0.621 7.73Q2)
[5-Ag-5]PF, 2.129(3), 2.124(3) 4.250(5) 178.2(1) 5.4(1)
[5-1-5]PF 2.262(8)*2 4.52(1) 180 0.641 0.00
[5-Br-5]PF 2.095(2)*2 4.189(3) 180 0.616 0.00
[5-Br-5]Br; 2.095(5)*2 4.190(8) 180 0.616 0.00
[7-Ag-7]0Tf 2.210(3), 2.217(3) 4.422(5) 174.7(1) 41.4(1)
[8-Ag-8]OTf 2.223(4),2.212(4) 4.426(6) 171.4(1) 45.6(1)
[S—Ag—S]BF4 2.170(3)*2 4.340(4) 179.0(2) 42.6(2)
[9-Ag-9]0Tf 2.247(7), 2.246(7) 4.47(2) 171.2(3) 46.71(3)
[9-Ag-9]PF, 2.207(5), 2.218(5) 4.423 176.2(2) 43.40
[10-Ag-10]PFs 2.139(3)*2 4277(4) 178.8(1) 51.9(1)
[10-Ag-10]OTf 2.153(2), 2.152(2) 4297(3) 173.6(6) 10.94(6)
[10-1-10]PF 2.29(1)*2 4.59(2) 180.0(6) 0.649 0.14(6)
[10-Br-10]PF 2.120(4)*2 4.240(7) 180.0(2) 0.623 0.00
[10-Br-10]OTf 2.08(1), 2.17(1) 425(2) 178.3(4) 0.612, (X—B=2.08) 16.91(1)
0.639, (X-B=2.17)
[10-Br-10]Br; 2.121(4)%2 4.241(6) 180 0.624 0.00
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The N-Ag, Ag-O, and N-N bond lengths, and angles around the linear and T-shape sil-
ver(I) are comparable to those observed in related silver(I) complexes. The 2:1 ligand:
I'/Br" complexes are typical for 3-centered-4-electron complexes formed between n-
donor halopyridines and accepting p.-orbitals of halogen(I) ion. As shown in Table 3,
for I'/ Br'-complexes the central cation ion lies on a crystallographic inversion center
the N---X---N bond angles are essentially 180°, otherwise, with an exception for [4-Br-
4]PFs the overall N---X---N bond angles are more linear [175.69(8)—180°] when com-
pared to Ag'-complexes. Considering the high directional nature of p,-orbital of the
halogen(I) ion, small deviations from linearity for bond angles are probably caused by
close packing of the ion-pair units. Iodine cation is larger than Ag" and Br", conse-
quently, the N-N decreases as the atom size decreases, I" (4.51 - 4.59 A) > Ag'(4.25 -
4.48 A) > Br' (4.14 - 4.25 A). The two pyridine rings across the N---X:--N motifs are
not coplanar, the interplanar angles between two pyridine rings, defined as 6, are larger
in Ag" - complexes (0 - 64.0°) and reduced for I"- (0 - 52.1°) and Br*- complexes (0 -
38.3°). The N-I bond distances in [1-I-1]PFs - [5-1-5]PFs are longer only by ~0.012 A
compared to unsubstituted pyridine complex, [Py---1---Py]" PF¢, regardless of the 2-
ortho substituent type. The N—I bonds of [10-I-10]PF¢, where two electron-donating
methyl groups installed at C2- and C6-positions, does not differ substantially (0.04 A)
either relative to the [Py---I---Py]" PFs . In [1-1-1]PF¢ and [4-1-4]PF¢ a cis- disposition
of 2-substituents was observed (Figure 39 and 42, respectively), while for [3-I-3]PFs
and [5-I-5]PFs the substituents are in trans-position (Figure 41 and 43, respectively).

'z‘? ”

Figure 39. The structure of [1-1-1]PF¢(top) and [1-Br-1]PFg¢(bottom). Anions and solvent molecules omitted
for clarity.
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Figure 40. The structure of [2-Ag-2]PFs(top), [2-Ag-2]OTf (middle) and [2-H-2]PFs(bottom). Anions and
solvent molecules omitted for clarity.

Comparison of [Py---Br---Py]'Y with structures, [1-Br-1]PF¢ - [5-Br-5]PFs, in-
cluding complexes of 10, highlights the N-Br bonds lengthened maximum by
0.025A(Table 3). In solid-state crystals, considering the N-X bond distances, the N-
I'/Br bond shortening is entirely based on the overlap efficiency of N-atom lone-pair
and p.-orbital and the role halogen and their electronic effects on halogen(I) ion for-
mation is passive.

In [3-1-3]PFs and [4-Br-4]PF¢ two types of crystal structure were observed from
the same sample, one with the crystallographic inversion centre and other with two dif-
ferent N-Ag bond length (Table 3). The N-N bond length is longer in case of [4-1-4]PF¢
compared to [3-1-3]PF¢ and [5-1-5]PF¢, due to which [4-1-4]PF¢ prefer cis position.
However [3-1-3]PFs and [5-I-5]PF¢ form single-crystal where 2-substituents are in trans

position to avoid steric hindrance.
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Figure 41. The structure of [3-Ag-3]PFs(top), [3-1-3]PFs (middle) and [3-Br-3]PFs(bottom). Anions and sol-
vent molecules omitted for clarity.
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Figure 42. The structure of [4-Ag-4]PFs(top), [4-1-4]PFs (middle) and [4-Br-4]PFs(bottom). Anions and sol-
vent molecules omitted for clarity.

In [3-Br-3]PF¢ and [4-Br-4]PFs a cis position of 2-substituents was observed, while for
[S5-Br-5]PFe the substituents occupied trans-position to stabilise the bulky methyl group.
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The 2-substituted pyridine rings across the N---X---N motifs are planar in case of [3-I-
3]PFe, [3-Br-3]PFs, [S5-I-5]PF¢ and [S-Br-5]PFs. Silver complexes of 3 and 4 are less
planer compared to [5-Ag-5]PFg, this non-planarity is attributed when the empty orbitals
of silver interact with 2-substituted bromine and iodine in [3-Ag-3]PFs and [4-Ag-4]PF¢

respectively.

Figure 43. The structure of [5-Ag-5]PF¢(top), [5-1-5]PFs (second from top), [5-Br-5]PFs(second from bot-
tom) and [5-Br-5]Brs(bottom). Anions and solvent molecules omitted for clarity.

-
-
W
w
Figure 44. The structure of [7-Ag-7]OTf. Anions and solvent molecules omitted for clarity.
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The [7-Ag-7]OTf and [8-Ag-8]OTf complexes are less planner compare to [8-Ag-8]BFs with
N---Ag---N bond angle 174.7(1), 171.4(1) and 179.0(2) respectively (Table 3, Figure 44, 45).
The [8-Ag-8]BF4 complex shows center of symmetry with same N-Ag bond length. Silver
complexes of 7 and 8 with OTf counter ion are less planar, and this non-planarity is due to the

interaction between the empty orbitals of silver metal and counter anion.

-
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Figure 45. The structure of [8-Ag-8]OTf(top) and [8-Ag-8]BF4(bottom). Anions and solvent molecules

omitted for clarity.

&

Figure 46. The structure of [9-Ag-9]PFs(top) and [9-Ag-9]OTf (bottom). Anions and solvent molecules
omitted for clarity.
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Figure 47. The structure of [10-Ag-10]PFs(top), [10-Ag-10]OTT (second from top), [10-1-10]PFs(third from
top), [10-Br-10]PFs(third from bottom), [10-Br-10]Brs(second from bottom) and [10-Br-
10]OTf(bottom). Anions and solvent molecules omitted for clarity.
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In ligand 9 two crystal structure of silver complexes, [9-Ag-9]PFs and [9-Ag-9]OTf were
observed with N---Ag---N bond angle 176.2(2) and 171.2(3) respectively(Table 3, Figure 46).
In [9-Ag-9]O0Tf complex, counter anion interact with empty orbital of silver and make complex
crystal less liner. The 2,6-dimethyl substituted pyridine rings across the N---X:--N motifs are
symmetric in case of [10-Ag-10]PFs, [10-1-10]PFs, [10-Br-10]PF¢ and [10-Br-5]Br3(Figure 47).
However in [10-Ag-10]OTf and [10-Br-10]OTf counter anion interact with silver and disturb
the linearity of complex. The [10-I-10]PFs complex have largest N-N bond distance in all
observed crystal structure for 1-10 (Table 3).

As a summary of the NMR and solid state studies only the 2-halo-, 2-methyl and 2,6-

dimethylpyridine behave as previously reported halogen(I) pyridine complexes!¢7:71:82:84.89.91-

93.102.17.181 manifesting unambiguous downfield coordination shifts in the order Ag(I) < Br(I)
< I(I) upon complexation in 'H NMR spectra and which is supported by crystal studies. The
2,6-dihalopyridines 6-9, due to their insufficient nucleophilicity, and contrary to the Ag” cation,

do not form I', Br™ and H' complexes in solution or in the solid state.
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2.2 Silver and iodonium complexes for solid state NII's

It has been established that halogen-halogen bonding occurs when electrophilic halogens
interact with atoms that are nucleophilic, yet perhaps the most intriguing example would be the
three-centre four-electron bond (3c-4e) between the two nitrogens and an iodine atom in
Barluenga's reagent [py---I---py]" (a halogen(I) ion). A new interaction between halogen(I)
ions and Ag(I) ions has been reported, providing a new aspect to halogen-bonded complexes,
allowing for stable or active halogen(I) ions in a new way, allowing them to be used as new,
active, or selective reagents. This nucleophilic iodonium interaction (NII) occurs between
molecules containing a nucleophilic iodine(I) center and a silver(I) center.’®*! The nucleophilic
center functions as the nucleophile for an electrophilic Ag" metal center of a 4- or 2-coordinate
complex. The [I(mtz):]PF¢*[Ag(bpy)2]PFs complex, which exhibits the unprecedented
I'---Ag" interaction, hereafter referred to as I*Ag, is obtained straightforwardly via the
combination of silver(I) and iodine(I) complexes in a 1:1 ratio in CH>Cl,, followed by slow

evaporation (Scheme 5).

N PF, N
— / _ /
— \A@—N e I@ o CHCl, — \®/N |

Scheme 5. Synthesis of [I(mtz),]PFs*[ Ag(bpy)2]PFs complex.
2.2.1 Synthesis of [bis(1-methyl-1H-1,2,3-triazole) iodonium hexafluorophosphate

The addition of 1-methyl-1H-1,2,3-triazole (11, mtz) and AgPFsin a 2:1 ratio in CH>Cl, yields
the linear silver complex [Ag(mtz),]PFs ([11-Ag-11]PFs), which, after addition of elemental I,
affords the corresponding linear iodonium complex [I(mtz):]PFs, ([11-I-11]PFs) via the
selective [N---Ag---N]" — [N---I---N]" cation-exchange.[!-120-12]
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Scheme 6. Synthesis of Complex [11-Ag-11]PFs and [11-I-11]PFs.

To a solution of 1-methyl-1H-1,2,3-triazole (11) (8.2 mg, 0.099 mmol, 2.0 eq) in 0.5 mL
of CD>Cl> was added silver hexafluorophosphate (12.4 mg, 0.049 mmol, 1.0 eq). The mixture
in an NMR tube was stirred for 10 mins to give a silver complex [bis(1-methyl-1H-1,2,3-
triazole) silver] hexafluorophosphate [11-Ag-11]PF¢ (Figure 48).
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Figure 48. "H NMR spectra in CD,Cl, at 303 K of compounds 11 (red), [11-Ag-11]PF¢ (green), and [11-1-
11]PF;s (blue).

To the solution of [bis(1-methyl-1H-1,2,3-triazole) silver] hexafluorophosphate [11-Ag-
11]PFs, the elementary I (12.5 mg, 0.049 mmol, 1.0 eq) was added. The NMR tube was
centrifuged for 5 mins, an iodonium complex [bis(1-methyl-1H-1,2,3-triazole) iodonium]

hexafluorophosphate [11-I-11]PF¢ was obtained.
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The '"H NMR spectra of ligand 11, silver complex [11-Ag-11]PFs, and iodonium complex
[11-1-11]PFs demonstrated significant complexation-induced shifts (Figures 48). The addition
of AgPFs into ligand 11 in a CD2Cl: solution led to a noticeable downfield shift of the ligand
proton signals of 11, confirming the formation of the silver complex [11-Ag-11]PFs. A further
downfield chemical shift was noticed for the silver complex [11-Ag-11]PFs after the addition
of I,. The 'H-"’N HMBC measurements (Figures 49-51) of 11, [11-Ag-11]PFe, and [11-I-
11]PFs were also performed, in which the nitrogen nuclei showed large changes in their
chemical shifts after addition to the AgPFs, and more so upon the subsequent addition of I,

which confirms the formation of the silver and iodonium complexes in solution.
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Figure 49. "H-'N-HMBC spectra in CD,Cl, at 303 K of compound 11. § (’'N) = -146.26 (N3), -31.07 (N}),
-16.74 (N2) ppm.
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Figure 50. "H-"N-HMBC spectra in CD,Cl at 303 K of compound [11-Ag-11]PFs. & ('*N) = -144.50 (N3),
-65.44 (N1), -19.06(N>) ppm.

X
2N, |
N --250
l®
+
I e/
| PFE9 - =200
N\
Ch
N --150
__'_"ﬁ‘ u + \
=100
- =50
__% 4+
oo
- 50

T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Figure 51. 'H-"N-HMBC spectra in CD,Cl, at 303 K of compound [11-1-11]PF¢. 5 ('N) = -142.45 (Ny), -
138.13 (N3), 20.02 (N2) ppm.
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2.2.2 X-ray Crystallographic studies

The single crystals of [11-Ag-11]PFs shows symmetry around N---Ag---N with N---Ag bond
length 2.137(4)A° and N---Ag---N bond angle 179.9(3) (Figure 52). The symmetric
N---I---N bond lengths in the iodonium complex [11-I-11]PF¢ are 2.238(2)A° (Figure
53). The two triazole rings across the N---Ag---N motifs are not coplanar, the interplanar angles

between two triazole rings, defined as 6, are 50.01°. While in [11-I-11]PFs, angle between two

triazole rings are 0.0° across N---1---N.

Figure 53. The structure of [11-I-11]PFs. Anions and solvent molecules omitted for clarity.

In summary, by using these triazole iodine(I) complexes{[11-I-11]PFs} with bis-bipyridine
silver {[Ag(bpy):2]PFs} complexes, an extraordinary and attractive I"--- Ag" interaction denoted
as I*Ag has been observed.”’! This I"---Ag" interaction between iodonium and silver cations
in a complex of complexes have been studied by 1H NMR and 1H-15N HMBC spectroscopy
in solution and in the solid state by single-crystal X-ray crystallography. In this iodonium acts
as the electron rich part(due to available lone pairs) and the Ag" behave as Lewis acid. This
new [*Ag interaction is significantly stronger than previously reported argentophilic

interactions.
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This is the first examples of [N---I---N]* iodonium ions where the nitrogen of the tertiary
amines acts as halogen bond acceptor, derived from their parent [N---Ag---N]* complexes. 'H
and "N NMR studies unambiguously reveal differences between the *Ag---N and “I---N com-
plexations in solution. Furthermore, X-ray crystallography of parent silver(I) complexes further

supports the [N---I---N]* bonding model in the liquid state.

As a result of this work, we observed that meso chiral-at-nitrogen [N---X:--N]* halogen(I)
complexes can be synthesised and that N-stereocenters is stable enough to survive both in solid-
state and solution (Figure 54). This study describes the synthesis and characterization of
[N---Ag/I---N]* complexes based on six tertiary amines. The herein presented data expands the
scope of halogen(I) complexes, and due to the electrophilic character of halogen and dissimilar
conformational rigidity of the two different N-stereocenters various follow-up asymmetric
chemistry applications can be expected. Amine ligands (LL=12—-17) are synthesised following

the literature.l>”1*!1 (Figure 55)
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transition state
Figure 54. Schematic representation of meso halogen(I) ion complexes (above) and pyramidal inversion via
trigonal planar transition state (below) of chiral tertiary amines (when R1#R2#R3 = alkyl/ar-

ylakyl).
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14 R=CH3) 15 R=CH3) 16 (R=CH3) 17 (R=CH.CHs)

2L + AgX L + CF,COOH

I N -

[L-Ag-LIPFs —Aot3= [L-I-L]PFg [LH] CF;CO0
-Ag- T 12H7"CF,COO
[12° 121pFg [12 1 121pF, i e
(137 % 13)p, [137T13]pF, [13H] CF,C00
[147 % 147pF, (141 143pF, [14H] CF5C00
(15" £ 15)pE, [157T15]pF, [15H] CF,C00
(16 Ag_16]PF6 (16 1'16]pF, [16H]'CF,COO
(175 17)pF, [17 I 171pF¢ [17H] CF,CO0

Figure 55. List of chiral tertiary amine ligands, L(12-17), their corresponding Ag*/I'/H" complexes, [L—

Ag-L]PFs , [L-I-L]PFs , and [LH]CF3COO (L = 12-17).

2.3.1 Synthesis and NMR studies of [N-:-X:--N]* complexes of tertiary NR1R2R3
amines

Solution synthesis of iodonium ion complexes is a two-step process, firstly, the pre-dissolved
2 eq. of ligand and 1 eq. of AgPFs CD3CN solutions are mixed in an NMR tube at room tem-
perature. Monitoring the mixture by '"H NMR revealed, in each case, one set of ligand signals
different from the uncomplexed ligand confirming the [L---Ag---L]PFs (L= 12-17) symmetric
complexation. Secondly, 1.1 eq iodine is added to Ag*-complexes, subsequently filtered the
Agl precipitates and re-measured the 'H NMR. A new set of proton signals, in each case, dif-
ferent from ligand 12-17 and [L---Ag---L]PFs (L= 12-17) confirm the formation of
[L---I---L]PF¢ (L= 12-17). A strong clue of I*-complexation is provided by N—methylene/me-
thyl chemical shifts, which rest at considerably downfield compared to Ag* and ligand spectra
(Figure 56-61). Unlike *Ag---N complexation, the *I---N strong halogen bonding tends to in-
troduce a larger positive charge into the ligand significantly altering the chemical shifts of or-

ganic moieties.
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Figure 56. "H NMR chemical shifts for 12 (black), [12-Ag-12]" (red), [12-1-12]" (pink), and 12H" (blue) in
CDsCN at 500 MHz with hexafluorophosphate as counterion.
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Figure 57. '"H NMR chemical shifts for 13 (black), [13-Ag-13]" (red), [13-1-13]" (pink), and 13H" (blue) in
CDsCN at 500 MHz with hexafluorophosphate as counterion.
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Figure 58. '"H NMR chemical shifts for 14 (black), [14-Ag-14]" (red), [14-1-14]" (pink), and 14H" (blue) in
CD;CN at 500 MHz with hexafluorophosphate as counterion.
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Figure 59. "H NMR chemical shifts for 15 (black), [15-Ag-15]" (red), [15-1-15]" (pink), and 15H" (blue) in
CD;CN at 500 MHz with hexafluorophosphate as counterion. [15-Ag-15]" denotes '"H NMR of
silver(I) complex crystals.
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Figure 60. '"H NMR chemical shifts for 16 (black), [16-Ag-16]" (red), [16-1-16]" (pink), and 16H" (blue) in
CDsCN at 500 MHz with hexafluorophosphate as counterion.
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Figure 61. '"H NMR chemical shifts for 17 (black), [17-Ag-17]" (red), [17-1-17]" (pink), and 17H" (blue) in
CD;CN at 500 MHz with hexafluorophosphate as counterion. [17-Ag-17]" denotes 'H NMR of
silver(I) complex crystals.
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SN NMR coordination shift (A§" Neoora), described as the >N chemical shift difference be-
tween the complexed ligand (6" Neompi) and its corresponding uncomplexed ligand (§'°Ny), is
a sensitive tool to monitor the electronic changes of the N-atom involved in N-protonation!!?,
N-alkylation!!3*1*4]) N-oxidation!**!, and N-metal coordination.!'**) The A8'*Ncoora values of
[L---Ag---L]PF¢, (L=12-17) are 3-5 times smaller than [L---1---L]PFs, (L= 12-17), suggesting
the complete exchange Ag* by I* and the latter comprises a stronger interaction(Table 4). Fur-
ther corroboration comes from 'H NMR, the proton chemical shifts of silver complexes are
shielded than iodonium complexes involved in *I-N coordination (Figure 56-61). The virtually
zero A8 Neoord 0f [16-Ag-16]PF¢ and large A8" Neoord values of [16-Ag-16]PFe (15.5 ppm) and
[16-1-16]PFs (12.4 ppm) warrant a comment (Table 4). We speculate the 2:1 molar ratio of
16:AgPFs demands a [N---Ag---N]* linear arrangement between Ag" and 16’s nitrogen and
favours I*-substitution. The electron-withdrawing C¢FsCH>™ decreases the electron density on
16’s nitrogen, causing weak Ag*--N bonding and near-zero A§'*Ncoora. While the stronger
“I---N and *H---N interactions install a high amount of positive charge onto 16’s molecular
framework, causing 15.4 ppm and 12.4 A8"*Noowa shifts, respectively (Table 4).

The [LH]*CF3COO~ (L= 12-17) are prepared by mixing a 1:1 molar ratio of ligands and
CF;COOH in CD3CN for comparison to eliminate the possibility that the [L---Ag---L]PFs, (L=
12-17) and [L---1---L]PFs, (L= 12-17) chemical shifts are not due to [LH]" salts formation.
The 'H NMR spectra of [LH]*CF3COO~ (L= 12-17) and their corresponding L’s, silver and
iodine complexes, are not superimposable suggesting solely Ag*/I*-complexations (Figure 55-
61). It should be noted that the [LH]"CF;COO~ (L= 12-17) are chiral and their tetrahedral
nitrogen encompasses four different substituents. The presence of two sets of non-equivalent
aromatics and N-CH,/CH3 signals validates the [LH]* tetrahedral structure. The
[LH]*CF3;COO~ (L= 12-17) A8" Ncoora values are ~3-5 times larger than [L---Ag---L]PF,
(L=12-17) and are comparable to [L---I---L]PFs, (L= 12-17) and to those reported N-proto-

nated tertiary amines, both in sign and magnitude.!'*?
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Table 4. SN NMR Chemical shifts (CDsCN, 298.0 K) of amines 12-17 and corresponding Ag*-, I*-, and
H*-complexes.

Codelal AS8®Neooralt]  Code A8BNcoord 2l Code A8 Neoordl?!
[12-Ag-12]* 3.9 [12-1-12]* 15.6 [12H]* 15.2
[13-Ag-13]* 5.2 [13-1-13]* 166 [13H]* 166
[14-Ag-14]* 3.6 [14-1-14]* 15.7 [14H]* 12.6
[15-Ag-15]* 4.0 [15-1-15]* 192 [15H]* 15.0
[16-Ag-16]* 01 [16-1-16]* 155 [16H]* 124
[17-Ag-17]* 6.1 [17-1-17]* 131 [17H]* 8.6

[a] A(S‘ISN(:()ord = 615Ncompl - 615NL~

2.3.1 X-ray crystallographic studies of [N:--Ag:--N]* complexes of tertiary amines

Complexes [15-Ag-15] and [17-Ag-17] are characterised by X-ray crystallography (Figure 62,
a and b). The Ag---N {[15-Ag-15]: 2.1927(16) A; 2.191(7) A} and N-N {[15-Ag-15]: 4.385
A; [17-Ag-17]: 4336 A} distances are like those in the reported [N---Ag---N]* pyridine sys-
tems.['*”) The [15-Ag-15] has aN---Ag---N linear geometry, whilst the [17-Ag-17] N---Ag---N
bent geometry [163.3(4)°] is similar to [N---Ag---N]*Y~ pyridine systems wherein the coordi-
nating Y counter anions alter the N---Ag---N geometry from linearity. In [15-Ag-15] and [17-
Ag-17], the aryl/alkyl groups are flanking around the linear silver(I) in a “’frans’> manner to
avoid the steric clash. In this setting, the silver(I) and aryl/alkyl groups stabilise via *Ag:--m
[ca. 2.9-3.2 A] and Ag---H-C [ca. 2.5-3.1 A] interactions. Remarkably, the '"H NMR spectra
of [15-Ag-15]/[17-Ag-17] single crystals and of their as-prepared solution silver(I) complexes
are superimposable (Figure 58 and 60). This result confirms the [L---Ag---L]PFs, (L= 12-17)
solution structures and *Ag---N complexations not necessarily should produce large '"H NMR
chemical shifts when compared to uncomplexed ligands, as in cases of reported [N---Ag---N]*
pyridine systems. We are unable to isolate single crystals of other Ag*-complexes and

[L---I---L]PFs, (L = 12-17) for X-ray crystallography.
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Figure 62. The structure of [15-Ag-15]PFs(a) and [17-Ag-17]PFs(b). Anions and solvent molecules omitted
for clarity. Ellipsoid are drawn at the 50% probability for Complex of [15-Ag-15]PF¢(a) and 25%
for [17-Ag-17]PF¢(b).

In conclusion, [N---Ag/I---NJ* ions of chiral tertiary amines bearing sp’ nitrogen are
prepared and characterised as their PF¢ salts using solution NMR. The 'H NMR spectra
of [L---I--L]* and LH" for ligand 15 and 16 are very similar which stipulate that it might
be tough to replace silver from the [L---Ag---L]* complexes, which also favoured by
solid state studies and slight difference in '"H NMR peaks is might be because of differ-
ent counterion in [L---1---L]* and LH" complexes. X-Ray crystallography reveals severe
crowding around the silver(I) ion by amines’ alkyl and aryl groups and an intimate
Ag---H-C and Ag---m interactions. This new strategy provides a starting point to the
stabilisation of I" ions of the [N---I---NJ* locality by weak non-covalent bonds, and is
an important step towards our future endeavours in this research line of halogen(I) ion

supramolecular chemistry.
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2.4 Tetra- and hexadentate ligand silver(I) complexes

2.4.1 Synthesis, solution and solid-state studies of [(1,10-phenanthroline): silver]
hexafluorophosphate

The complex [Ag(phen):]PF¢, [18-Ag-18]PFs (phen = 1,10-phenanthroline) was obtained by

following the reported procedure for the [Ag(phen)>]NO3 from 1,10-phenanthroline (18) and

AgNO3.[138]

/ \ AP =N_o-N=/¢
—> _N’ \N_ PFG
—N N=—.
18

Scheme 7. Synthesis of Complex [18-Ag-18]PFs.

To a solution of 1,10-phenanthroline 18 (10 mg, 0.056 mmol, 2.0 eq) in 5 mL of CH>Cl, was
added silver hexafluorophosphate (7.01 mg, 0.028 mmol, 1.0 eq). The solution was stirred for
30 mins at room temperature. The reaction mixture was dried under vacuum to give the pale-
yellow solid [(1,10-phenanthroline); silver] hexafluorophosphate [18-Ag-18]PFs (18.0 g, 99%).
A [18-1-18]PFs complex was synthesized from [18-Ag-18]PFs complexes by exchange reaction
and analyzed in solution and solid-state. However, the results confirm that Ag-complexes are

too stable and cannot be converted into halogen(I) compounds.

[18-Ag-18]PF,

'l l

'\
|‘\

| _— J _JM ol =
d
T
y B 18 B [ } ”Mb CDCly
Jlllk_ N ,J'\_J'“\
9.‘4 9!2 9!0 . 8.‘8 8!6 8!4 B.‘2 8.‘0 7‘.8 715 7.‘4 7!2 ppm‘

Figure 63. 'H NMR spectra in CDCl; at 303 K of 1,10-phenanthroline (18) and [18-Ag-18]PFs.

The 'H NMR spectra of ligand 18 and their silver complex [18-Ag-18]PFs, demonstrated
significant complexation-induced shifts (Figures 63). The addition of AgPFs into ligand 18 in
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a CDCIs solution led to a noticeable downfield shift of the ligand proton signals of 18,
confirming the formation of the silver complex [18-Ag-18]PFe.

The single crystal of [18-Ag-18]PFs was grown by vapor diffusion process in
MeCN/THF solvent (Figure 64). In which two type of Ag-N bond length were observed, Ag-
N1 and Ag-N21; 2.332(9) and 2.339(10) respectively. The two 1,10-phenanthroline rings
across the N---Ag---N motifs are not coplanar, the interplanar angles between two 1,10-

phenanthroline rings (defined as ) are 40.86°.

Figure 64. The structure of [18-Ag-18]PFs. Anions and solvent molecules omitted for clarity.
2.4.2 Synthesis and solution studies of silver terpyridine complexes

Silver(I) ions react with terpyridine-type ligands in a 1:2 M ratio, which results in the formation
of mono- or multi-nuclear species, in particular helical structures.!'* The 'H-NMR (Figure 65)
spectra of 1:2 (19 : AgPFs), gave only one set of NMR signals, different from the uncomplexed

ligand (19) confirming the symmetric silver complexation.

q |2 b 19 + AgPF¢

d , c
JUL sh
8‘8 8‘6 8.4 8‘2 BIO 7‘3 '716 7‘4 '7I2 TIU ppm‘
Figure 65. "H NMR spectra (only aromatic region) of Ligand (black), Silver complex (red) in CD,Cl, sol-
vent.
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2.4.3 Crystallographic studies of silver terpyridine complexes

A single crystal was grown by the vapor diffusion process. The complexes were synthesized
by mixing 2.0 eq of 4’-Chloro-2,2:6’,2*’-terpyridine (19) and 1.0 eq silver salt (AgPFes, AgOTY)
into DCM/THF at room temperature. The mixture was stirred for 10 mins to form a silver
complex and left to grow single crystals suitable for X-ray diffraction analysis. We were able
to crystalised multi-nuclear silver complexes as shown in the figure 66-69. The structures and
numbering scheme for the cation part of silver complexes are shown in Scheme 8§ (to under-
stand silver nitrogen bond in multi-nuclear complexes) and bond lengths for these complexes
are summarized in Table 5. By following the procedure four multi-nuclear silver complexes
[Ag3194][PFe]3- C4HgO, [Ag3194][PFs]3, [Ag2192][OTH]2- CH2Clz and [Ag3194][PFe]3- CH2Cl2
were studies by X-ray crystallography and later analyzed by 'H, 'H-'>’NMR and mass spectros-
copy(ESI).

Although terpyridine usually functions as a chelating tetradentate ligand, this bonding
mode is not possible with metal ions which have a tendency towards four-coordinate tetrahe-
dral coordination. In these cases, it is possible to anticipate double-helical structures in which
two quasi-four-coordinate metal centers are coupled by a bridging nitrogen of the central pyr-
idine ring. Such structures are formed with copper(I)l!**-142l and other low-charged metal ions
such as silver(I) were expected to behave in a similar manner to copper(I) as we have seen in
the case of 2,2' : 6',2"-quaterpyridine ligands!'**'**} As we can clearly see from there crystals,

the weakly coordinating anions are not directly coordinated to the metal center.

Figure 66. The structure of [Ag3194][PF¢]s- C4HsO. Anions and solvent molecules omitted for clarity. Ellip-
soid are drawn at the 50% probability.
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Figure 67. The structure of [Agz194][PFs]3. Anions and solvent molecules omitted for clarity. Ellipsoid are
drawn at the 50% probability.

Figure 68. The structure of [Agx19,][OTf],- CH,Cls. Anions and solvent molecules omitted for clarity. El-
lipsoid are drawn at the 50% probability.

Figure 69. The structure of [Ag3194][PFs]3- CH2Clo. Anions and solvent molecules omitted for clarity. El-
lipsoid are drawn at the 25% probability.

The crystal structures of AgPFs silver salt (Figure 66,67,69) are differ only in terms of the
solvent molecule and the amount of solvent in the crystal structure. The two complexes (Figure

67 and 69) mainly differ by the coordination number of the central silver metal. In complex
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[Ag3194][PFs]3-CH2ClL (Figure 69) central Ag formed six bonds with two extra Ag-Ag bonds
with bond length of 3.153A. While in Complex [Ag3194][PFs]; (Figure 67), Ag-Ag bond length
is slightly longer, 3.323A. Complex of AgOTfT silver salt have a dimeric structure with a dif-
ferent counterion, OTT, in its crystal structure (Figure 68). These differences in the counter ion
and solvent molecule affect the crystal packing of the complexes and thus have an impact on
the final geometries. The intramolecular Ag-Ag distances are 3.239(5), 3.323(3), 2.960(2), and
3.153 A, respectively in complexes figure 66-69. The sum of the van der Waals radii of the two
silver atoms is 3.44A, and thus the argentophilic interaction between the silver atoms can be
assumed in all cases.

Again, the metals give rise to metal-metal interactions and, according to the Ag-Ag
distances, these are likely to be of different strengths of Ag-Ag interaction within Complex
[Ag3194][PFs]3-CsHsO molecules: d[Ag(1)-Ag(2)] = 3.392(3)A and d[Ag(2)-Ag(3)] =
3.2392(10)A. Many factors (molar ratio of the reagents, solvent, experimental conditions, etc)
coupled with the versatile coordination requirements of silver(I) and the wide donor capability

1451461 The complex

of the ligands could heavily affect the obtained products.!
[Ag219:][OTf]2-CH2Cl, is a dimer in which the silver atoms are bridged by the tridentate
terpyridine ligands, each silver centre is bound to four nitrogen atoms with dissimilar distances,
the shortest ones are those of the outside nitrogen atoms, 2.200(4)A and 2.210(4)A, and there
are two long ones corresponding to the central nitrogen atom, 2.691(4)A, 2.571(4)A to the
other central nitrogen. Additionally, the silver centres make weak bonds to the oxygen of the
triflate anion, 2.649A. Consequently, the silver atoms have a very irregular molecular geometry
with an Ag-Ag bonding interaction of 2.9600(6)A (Table 5).

Terpyridine ligand self-assembles around metal ions in an identical manner as [Ag>19-]**
motif in [Ag2192](OTf)2 with OTf counterions and central pyridine atom present bridging
mode to argentophilic Ag(I) ions (Figure 68). Since even poorly coordinating CF3SOs3™ ions are
involved in interaction with Ag(I), without disrupting the structure into monomeric systems,
and form [Agx192][OTf]-CH2Clo. Such a bridging mode of pyridine moiety is quite unusual.

Terpyridine ligand form trinuclear species with PF¢ counterions, in the form of [Ag3193][PFs]3

(Figure 66,67,69).
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[AgsLa][PF6]3 C4HyO

[AgsLu|[PF6]3

[Ag:L2][0Tf];" CH,Cl,

[AgsLa][PFg]3" CH,Cl,

Scheme 8. Reactions of the 4'-Chloro-2,2":6",2"-terpyridine (19) ligands with silver salts.

Table 5. Selected bond distances (A°) for silver complexes.

[Ag3194][PF¢]3-C4HsO [Ag3194][PFs¢]3
AglNI 2333(3) Agl Ag2 332303)
Agl-N8 2.265(3) Agl N1 2.406(3)
Agl-N21 2.355(3) Agl N3 231303)
Agl-N28 2.263(3) Agl NI5 2.556(3)
A2-AD 3.239(10) Agl N35 2.28403)
Ag2-NI5 2.388(7) Ag2 Agl 332303)
Ag2-N35 2.41107) Ag2 N21 2.46703)
Ag2-N48 2.443(7) Ag2 N21 2.467(3)
Ag2-N68 2.432(8) Ag2 N28 2.238(3)
Ag3-Nal 2.366(7) Ag2 N23 2.23803)
Ag3-N55 2.281(7)
Ag3-N61 2.370(7)
Ag3-N75 2271(7)
Agl-Ag2 3.392(3)
[Ag219:][OTA] - CH2CL [Ag3194][PF¢]3-CH2ClL>
Agl A2 2.960(6) Agl Ag2 3.097(5)
Agl N8 2.200(4) Agl N1 2354(4)
Agl N21 2.619(4) Agl N3 2375(5)
Agl N28 2.210(4) Agl NI5 2.537(5)
Ag2 N5 2219(4) Agl N35 2.263(5)
Ag2 N21 2.571(4) Ag2 Agl 3.097(5)
Ag2 N35 2.229(4) Ag2 N21 2.483(5)
Ag2 N21 2.483(5)
Ag2 N28 2.258(5)
Ag2 N28 2.258(5)
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2.4.4 NMR studies

To finally evaluate the complex formed in solution, 'H NMR spectra of each crystal were

acquired in CD,Cl, solvent (Figure 66-69) and compared with the 'H -NMR spectra shown in

figure 70. '"H NMR spectra of four multi-nuclear silver complexes [Ag3194][PFs]3-C4HsO,
[Ag3194][PF¢]3, [Ag2192][OTf]2-CH2ClL and [Ags194][PFs]3-CH2Cl, are practically identical

in a given solvent and this indicates that one type of complex is more stable in solution and

corroborated that only one kind of species in solution exists. 'H-'">’N NMR was successfully

used to evaluate which nitrogen is involved in the complex formation (Figure 72-76).114"]

[Aga194][PFe]s - CHaCla

[Ag2192][OTf]2 - CH2Cla

[Ag3194][PFs]3

o QUM'L o o

[Ag3194][PFe]s - CaHsO

A
MM A = M

19 + AgPF,

19
c b

d i
i . M

8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2

Figure 70. '"H NMR spectra (only aromatic region) of 19 (black), Silver complex (light green),
[Ag3194][PF6]3'C4HgO (red), [Ag3194][PF6]3 (blue), [Ag2192][OTfJ2'CH2Clz (pink) and

[Ag3194][PF¢]3-CH,Cl, (green), in CD,Cl, solvent.
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L [Ags194][PFs]3-CH2Cl2
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[ I
' s 8 7 ¢ 5 a 3 2 pros
Figure 71. '"H NMR spectra of 19 (black), Silver complex (light green), [Ag;194][PFs]3- C4HsO (red),

[Ag3194][PF6]3 (blue), [Ag2192][OTf_|2- CH.Cl, (pink) and [Ag3194][PF6]3- CHCl, (green), in
CD»Cl; solvent. Peak at 6 = 1.56ppm is from water.

The signals attributed to the presence of the terpyridine ligand bonded to the Ag(I) centre,
appear to shift concerning those of the free ligand, confirming the coordination of the N-donor
ligand to the metal centres. 'H NMR spectrum of [Ag3194][PFe]3-C4HsO in CD,Cl> showed
five signals (red, Figure 70 and 71). The singlet signal at 6 = 8.16 ppm, with the integration of
one, is assigned to the protons of the central pyridine ring (He) (Labelling of atoms is shown in
Scheme 7). Observation of a singlet 'H NMR signal for H. may be taken as a sign that the
ligand is in symmetric mode and absence of incommensurate binuclear double helicates Ag(1)

[148] The 'TH NMR of each complex has the same pattern of signal, which indicate that

structure.
only one type of form is more stable in solution irrespective of the counter anion. In
[Ag219:][OTH]2-CH2Cla, counter anion might interact with silver complex and due to that, there
is a slight shift in NMR signal and shows a different pattern of signal (Pink, Figure 70 and 71).
Complexes [Ag3194][PF¢]3-C4HgO and [Ag3194][PFs]2 (red and blue in Figure 70 and 71) have
very much similar 'H NMR, except peak at § = 3.68ppm and & = 1.81ppm in complex
[Ag3194][PFe]3- C4HgO crystal NMR (Figure. 71). These peaks come from THF present in the
crystal structure. Solvent molecules present in Complex [Ag3194][PF¢]3-CH2Cl, crystal,
influence the peaks and we noticed a slight shift in doublet and singlet peaks, meanwhile, it

shows the same patterns of the signal as complex [Ag3194][PF¢]3-C4HsO and [Ag3z194][PFs]s.
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The '"H-'"N NMR was successfully used to evaluate which nitrogen is involved in the
complex formation. The A"Neoord parameter reflects the real effect of heteroatom coordination,
i.e. the difference between the chemical shifts of free N and Ag—N (Table 6). However, the
A™Ncoord parameter is temperature, ligand exchange, and solvent dependent. ['H-'°N]
heteronuclear multiple bond coherence (HMBC) NMR spectra of ligand and from crystal
sample were recorded in the CD,Cl» solvent.

The >N chemical shifts of the terminal pyridyl nitrogen and the central pyridine nitrogen
atom for free ligand are observed at 6 = -89.052 and -74.570 ppm, respectively (Figure 72).
Upon complex formation, these signals are observed at & = -104.248 and -87.126ppm
respectively (complex formed after mixing ligand and AgPF¢ salt in NMR solvent, Figure 73).
In comparison with the >N chemical shifts of complex [Ag3194][PFe]3-C4HsO observed at & =
-107.108 and -91.290 ppm (Figure 74), the corresponding signals are shown at 6 = -108.813
and 92.827 ppm in the spectrum of complex [Ag3194][PF¢]3 (Figure 75). Similar behavior was
observed even after changing the counter anion of silver salt (complex [Ag219>][OTf]>-CH2Clb).
The N signals of complex [Ag219:][OTf]o-CH,Cl> (in CD,Cl) are observed at § =-110.187
and -99.66 ppm (Figure 76).

Table 6. Experimental 3'°N and A8'’Ncoora NMR Chemical Shifts in CD,Cla.

Complex 8" Ncomplex "NV igand A Neoord
19 + AgPFs -104.25 -89.05 -15.20
-87.13 -74.57 -12.56
[Ag3194][PFs]>-C4HsO 10711 -89.05 -18.06
-91.29 -74.57 -16.72
[Ag:194][PFs]s 210881 -89.05 -19.76
-92.83 -74.57 -18.26
[Ag:19,][OTf]>-CHCl -110.19 -89.05 21.14
-99.66 -74.57 -25.09
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Figure 72. 'H-">N NMR spectra of 19 in CD,Cl, solvent.
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Figure 73. 'H-'>N NMR spectra of 19 and silver hexafluorophosphate solution in CD,Cl, solvent.
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Figure 74. 'H-">"N NMR spectra of complex [Ag3194][PFs]s- C4sHsO in CD,Cl, solvent.
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Figure 75. 'H-'*N NMR spectra of complex [Agz;194][PFs]2 in CD,Cl solvent.
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Figure 76. 'H-">"N NMR spectra of complex [Ag:L2][OTf],- CH,Cl, in CD2Cl; solvent.

2.4.5 MS studies

Later to confirm helical silver(I) complexes into a solid state, ESI-MS has been performed for
complexes. Electrospray ionization mass spectra are represented by three main sets of silver(I)
terpyridine species: [AgL]", [AgL2]" and [Ag2L>](X)" (where X is counterion). (Figure 77-79).
The mass spectra of complexes were measured by Agilent 6560 ESI-IMTOF mode(+). Their
MALDI-TOF(+) mass spectra display a base peak corresponding to the fragment [Ag(L)]" at
ca. m/z = 375.9599, confirming the presence of the silver derivative. In the ESI(+), the
experiment of exact mass for complex [Ag3194][PFs]3- C4HsO and [Ag3z194][PFs]3 shows the
peaks corresponding to [Ag(L)]" at m/z = 375.9599 and [Agx(L).]" at m/z = 643.0161,
respectively. Complex [Ag219:][OTf]>- CH2Cl, presents a peak at m/z = 898.8734 associated
with the [Ag219,0Tf]" fragment.

The ESI-MS spectra of complex [Ag3194][PFs]3- C4HsO, in CH3CN solvent, show peaks
at m/z 375.9628, 643.0166, 786.8896, 268,0642 and 290.0464 assigned to {LAg}", {L.Ag}",
{L,Ag,Cl1} ", {L+H}", and {L+ Na} " respectively (Figure 77). The ESI-MS spectra of complex
[Ag3194][PF¢]2, in ACN solvent, show peaks at m/z 375.9605, 643.017, 290.046 and 268,0642
assigned to {LAg}", {L,Ag}", {L+Na}", and {L+ H}" respectively (Figure 78). The ESI-MS
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spectra of complex [Ag2192][OTf]>- CH2Clp, in ACN solvent, show peaks at m/z 375.9672,
643.018, 786.8887, 898.8734, 517.8354, 517.8354 and 268,0647 assigned to {LAg}", {LoAg}",

{LoAgCL Y, {LoAgOTE} " {LAg:Cl} ", and {L+ H} " respectively (Figure 79).

5
x10 > Les) Scan (it 0,104-0,974 min, 27 scans) OGVB71_001.d
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Figure 77. ESI-MS spectra of complex [Ag3194][PFs]3- C4HsO in CH3CN solvent.
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Figure 78. ESI-MS spectra of complex [Ag3194][PFs]>in CH3CN solvent.
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Figure 79. ESI-MS spectra of complex [Ag>19,][OTf],- CH>Cl, in CH3CN solvent.

2.4.6 Halogen bonded and other complexes of terpyridine

Later we have tried to synthesize the halogen(I) ion complexes of terpyridine-based ligands

and examined them by using 'H-NMR and X-ray crystallographic techniques. A single crystal

was grown by the slow evaporation process in an NMR tube. The complex was synthesized by

mixing 1.0eq of 4'-Chloro-2,2":6",2"-terpyridine and 0.5 eq AgPFs into CD;CN\CD3Cl (9:1).

The mixture was stirred at room temperature for 10 minutes. When all solids have dissolved

and the mixture turned clear and colorless, 0.6 eq iodine (I>) was added, and light-yellow silver

iodide precipitates were filtered out from the solution, and the sample was used for NMR anal-

ysis and later left for slow evaporation process to grow a crystal (Scheme 9, Figure 80).

N
Z

cl
X
NZ
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[
+ pgpFs _CDaCNICDCL, ) 2

N
=

Scheme 9. Synthesis of iodonium complex of 19 in CD3;CN\CDCIls solvent.
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19 + AgPF, + |,
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J o

19 + AgPF,

Figure 80. '"H NMR spectra of 19 (black), silver complex (red) and lodine(I) complex (pink), in
CDs;CN\CD3;Cl (9:1) solvent.

Monitoring the 'H NMR of Ligand and AgPFs mixture revealed the formation of silver
complex of terpyridine ligand in solution. There is a shift in peaks in 'H NMR if we compare
free ligand with silver complex (Figure 80) however there is no convincing shift in iodine(I)
complex when we compare silver and iodine(I) complexes NMR spectra in Figure 80.
Alongside, we observed crystal structure (Figure 81) from the iodine(I) sample, and it came
out as iodine interacts with silver, and it is hard to break multi-coordinated Ag-N bond by

1odine.

Figure 81. The structure of [Agl9I],[I], . Anions and solvent molecules omitted for clarity. Ellipsoid are
drawn at the 50% probability.

A similar analysis we have observed when we tried to form a bromonium ion complex of 4'-
Chloro-2,2":6",2"-terpyridine. A single crystal was grown by the vapor diffusion process. The
complex was synthesized by mixing 1.0eq of 4'-Chloro-2,2":6',2"-terpyridine, and 0.5eq AgPFe
into DCM\THF. The mixture was stirred at room temperature for 10 minutes. When all solids

have dissolved and the mixture turned clear and colourless, 0.6eq bromine (Br;) was added,
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and light-yellow silver bromide precipitates were filtered out from the solution and the sample

was left to grow a crystal. (Scheme 10, Figure 82)

cl
N
I + DCM\THF Br,
N WP A AgPFs — 3 ? —_— ?
I/ g/
19

Scheme 10. Synthesis of bromonium complex of 19 in DCM\THF solvent.

Figure 82. The Structure of protonated form of ligand 19, the Br; and PFs™ anions omitted for clarity.

The X-ray structural analysis of these complexes revealed several interesting features.
Based on these we have tried other coordinating solvents and silver salt. First of all, we used
CHCI3:CH3CN (3:1)/THF solvent to grow crystal by the vapor diffusion process and a single
crystal from this sample have a binuclear [Ag19]2[OTf]2-MeCN)] unit (Figure 83) with a short
silver-silver contact of 2.980A and nitrogen from solvent form a bond with one of silver metal
(2.555A). Later we used AgNOs silver salt in DCM/THF, and a mononuclear complex crystal
was observed where coordinating anions directly coordinated to the metal center (Figure 84).
With AgClOy4 silver salt complex crystal, two binuclear metal complexes were in contact

through argentophilic interaction with 3.008A (Ag-Ag) bond length (Figure 85).
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Figure 83. The structure of ligand 19 with AgOT{ silver salt in CHCl3:CH3CN (3:1)/THF solvent. Anions
and solvent molecules omitted for clarity. Ellipsoid are drawn at the 50% probability.

Figure 84. The structure of ligand 19 with AgNOs silver salt in DCM/THF solvent. Anions nd solvent mol-
ecules omitted for clarity. Ellipsoid are drawn at the 50% probability.

Figure 85. The structure of ligand 19 with AgClOy silver salt. In DCM/THF solvent. Anions and solvent
molecules omitted for clarity. Ellipsoid are drawn at the 50% probability.

In conclusion we noticed from 'H NMR analysis that hexadentate ligand form dimer in solution

state and behave differently in solid state, depending on solvent and counterions, terpyridine
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stabilized in different structural form. Silver(I) complexes are stable and multidirectional
bonding of silver with ligand nitrogen makes hard for iodine and bromine to form [L---1---L]"

and [L---I---L]" complexes, respectively.
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CONCLUSIONS

The work within this thesis focused on the synthesis and characterization of the halogen(I)
complexes from mono and multivalent ligands in solution, in the solid state and in the gas phase.
Herein, the resulted structures were analyzed by single crystal X-ray diffraction (SCXRD),
NMR experiments, and mass spectrometry. From NMR and solid state studies only the 2-halo-,
2-methyl, and 2,6-dimethylpyridine behave as previously reported halogen(I) pyridine
complexes and shows downfield coordination shifts in the order Ag(I) < Br(I) < I(I) upon
complexation in '"H NMR spectra and which is supported by crystal studies. While the 2,6-
dihalopyridines 6-9, do not form I', Br" and H" complexes in solution or the solid state due to
their insufficient nucleophilicity. Later from triazole, iodine(I) complexes have been
synthesized and used as electron-rich parts to form I"---Ag" interaction with bis-bipyridine
silver {[Ag(bpy)2]PF¢} complexes. This new [*Ag interaction is significantly stronger than
previously reported argentophilic interactions.

Furthermore, new [N---Ag/I---N]* complexes were synthesized from tertiary NR1R2R3
amines. The studies on these complexes give further insight into the effect of bulky groups on
the ligand, making it hard to form iodine(I) complex from silver(I) complex and this result is
confirmed by NMR and X-ray crystallography.

X-ray crystallography reveals severe crowding around the silver(I) ion by amines’ alkyl
and aryl groups and an intimate Ag---H-C and Ag- -7 interactions. This new strategy provides
a starting point for the stabilization of I ions of the [N---1---N] locality by weak non-covalent
bonds and is an important step toward our future endeavors in this research line of halogen(I)
ion supramolecular chemistry.

The thesis work also demonstrated the formation of different coordination structures
with silver metal and multivalent ligands. Tridentate ligands form dimeric complexes which
can further expand to multinuclear complexes in the solid state. For terpyridine silver(I) com-
plexes the solvent molecules and counter ions play an important role. Hexadentate ligand sta-
bilized in dimer form with silver metal and forms different coordination bonds in solid state.
Depending on solvent and counterions, terpyridine is stabilized in different structural forms. In
certain cases adding iodine(I12) into the terpyridine silver(I) complex lead to complex halogen-

bonded structures with Ag-1---1-I halogen bonds.
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3 EXPERIMENTAL

3.1 Synthesis, NMR and MS

Reagents were purchased from commercial suppliers and used without further purification.
NMR spectra were recorded on a Bruker Avance 300 spectrometers. All signals are given as o
values in ppm using residual solvent signals as the internal standard. The 'H,'"’N HMBC spectra
were measured with Bruker AVIII 500 MHz FT NMR spectrometer equipped with a CryoProbe
Prodigy TCI in CD>Cl,, ppm scale referenced to external §(CH3'*°NO,) = 0.0 ppm.

The mass spectra of complexes were measured by Agilent 6560 ESI-IMTOF mode (+).

3.2 X-ray crystallography

Single crystal was grown by the slow evaporation process. The solutions were subjected to
slow evaporation to give single crystals suitable for X-ray diffraction analysis. The
experimental and refinement details were measured using a Rigaku SuperNova dual-source
Oxford diffractometer equipped with an Eos detector using mirror-monochromated Mo-Ka (A
=0.71073 A) radiation. The data collection and reduction were performed using the program
CrysAlisPro,!'*! with either an Empirical or Gaussian face index absorption correction method
applied. Data collection was performed using the program COLLECT,!'>% with data reduction
performed using HKL DENZO and SCALEPACK,'>'! with intensities absorption corrected
using SADABS.152 All structures were solved using ShelXT,!**! and refined by full-matrix
least squares on F? using SHELXL ['**) in the OLEX2 program package.[!*"]

Single crystal of [1-1-1]PFs was grown by the slow evaporation process. The complex
was synthesized by mixing 2.0eq of 2-fluoropyridine and 1.0eq AgPFs into DCM. The mixture

was stirred at room temperature for 10 minutes. When all solids have dissolved and the mixture
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turned clear and colorless, 1.1 eq Iodine (1) was added and immediately light yellow silver
iodide precipitates were filtered out from the solution and sample was left for slow evaporation
process to grow the [bis(2-fluoropyridine)iodonium] complex crystal. Single crystal of [4-1-
4]PFs, [5-1-5]PF¢ and [10-I-10]PFs were grown by same process.

Single crystal of [2-Ag-2]PF¢ was grown by the slow evaporation process. The complex
was synthesized by mixing 2.0eq of 2-chloropyridine and 1.0eq AgPF¢ into DCM. The mixture
was stirred at room temperature for 10 minutes. When all solids have dissolved and the mixture
turned clear and colorless, the solution was left for slow evaporation process to grow the [bis(2-
chloropyridine)silver] complex crystal. Single crystal of [4-Ag-4]|PFs, [S-Ag-5]PFs, [9-Ag-
9]PF¢ and [10-Ag-10]PF¢ were grown by same synthesis procedure.

The single crystal of [2-Ag-2]OTf was grown by the slow evaporation process. The com-
plex was synthesized by mixing 2.0eq of 2-chloropyridine and 1.0eq AgOTf into DCM. The
mixture was stirred at room temperature for 10 minutes. When all solids have dissolved and
the mixture turned clear and colorless, the solution was left for slow evaporation process to
grow the [bis(2-chloropyridine)silver] complex crystal. Single crystal of [7-Ag-7]OTf, [8-Ag-
8]OTH, [9-Ag-9]0Tf and [10-Ag-10]OTf were grown by same synthesis procedure.

Single crystal of [3-Ag-3]PF¢ was grown by the slow evaporation process. The complex
was synthesized by mixing 2.0eq of 2-bromopyridine and 1.0eq AgPF6 into DCM/ACN (8:2).
The mixture was stirred at room temperature for 10 minutes. When all solids have dissolved
and the mixture turned clear and colorless, the solution was left for slow evaporation process
to grow the [bis(2-bromopyridine)silver] complex crystal. Later by following same procedure
the single crystal of [3-I-3]PFs was grown, 1.1 eq lodine (I2) was added into the mixture of
2.0eq 2-bromopyridine and 1.0eq AgPFs into DCM/ACN (8:2), and immediately light yellow
silver iodide precipitates were filtered out from the solution and sample was left for slow evap-
oration process to grow the [bis(2-bromopyridine)iodonium] complex crystal.

Single crystal of [1-Br-1]PF¢ was grown by the slow evaporation process. The complex
was synthesized by mixing 2.0eq of 2-fluoropyridine and 1.0eq AgPFs into DCM. The mixture
was stirred at room temperature for 10 minutes. When all solids have dissolved and the mixture
turned clear and colorless, 1.1 eq bromine (Br2) was added and immediately light yellow silver
bromide precipitates were filtered out from the solution and sample was left for slow evapora-
tion process to grow the [bis(2-fluoropyridine)bromonium] complex crystal. Single crystal of
[3-Br-3]PFs, [4-Br-4]PFs, [5-Br-5]PFe and [10-Br-10]PFs were grown by same method.

Single crystal of [S-Br-5]Br; was grown by the slow evaporation process. The complex

was synthesized by mixing 2.0eq of 2-methylpyridine and 1.0eq AgPFs into DCM. The mixture
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was stirred at room temperature for 10 minutes. When all solids have dissolved and the mixture
turned clear and colorless, 1.1 eq bromine (Br2) was added and immediately light yellow silver
bromide precipitates were filtered out from the solution and sample was left for slow evapora-
tion process to grow the [bis(2-methylpyridine)bromonium] complex crystal. Single crystal of
[10-Br-10]Br3; was grown by the same way.

Single crystal of [8-Ag-8]BF4 was grown by the slow evaporation process. The complex
was synthesized by mixing 2.0eq of 2,6-Dibromopyridine and 1.0eq AgBF4 into DCM/ACN
(8:2). The mixture was stirred at room temperature for 10 minutes. When all solids have dis-
solved and the mixture turned clear and colorless, the solution was left for slow evaporation
process to grow the [bis(2,6-Dibromopyridine)silver] complex crystal.

Single crystal of [10-Br-10]OTf was grown by the slow evaporation process. The com-
plex was synthesized by mixing 2.0eq of 2,6-Dimethylpyridine and 1.0eq AgOTf into DCM.
The mixture was stirred at room temperature for 10 minutes. When all solids have dissolved
and the mixture turned clear and colorless, 1.1 eq bromine (Br2) was added and immediately
light yellow silver bromide precipitates were filtered out from the solution and sample was left
for slow evaporation process to grow the [bis(2,6-Dimethylpyridine)bromonium] complex

crystal.
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Synthesis and characterization of [1-Ag-1]PFs, [1-1-1]PFs, [1-Br-1]PFs

F F F F F F
d d d
D el el
\ 7 N/ \ 4 N7 \ N\ /
b a PFg b a  PFg b a PFg

[1-Ag-1]PFs [1--1)PFe [1-Br-1PFe

To a solution of 2-fluoropyridine (40 mg, 0.412 mmol, 2.0 eq) in 1 mL of CD,Cl; silver
hexafluorophosphate (52.08mg, 0.206 mmol, 1.0 eq) was added. The mixture was stirred for
10 mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution was divided into two equal portions. lodine (I2) (28.754 mg, 0.113 mmol,
1.1 eq) was added to the first portion and immediately light-yellow silver iodide precipitates
and was filtered out from the solution leaving the [bis(2-fluoropyridine) iodonium] complex in
the solution. Procedure with bromine (Br2) (18.14 mg, 0.113 mmol, 1.1 eq) was done with the
second portion for the [bis(2-fluoropyridine) bromonium] complex. The I" and Br" complexes
were not isolated but used as such for the NMR experiments or crystallized as single crystal

for the X-ray diffraction analysis.

[1-Ag-1]PFs. 'H NMR (300 MHz, CD,Cly, [§ = ppm]) & 8.33 (dd, 2/ = 5.31Hz, 1.50Hz, 2H,
Ha), 7.79 (m, 2H, Hc), 7.18 (m, 2H, Hb), 6.92 (dd, 2J = 8.39Hz, 0.56Hz, 2H, Hd).

[1-I-1]PFs. "H NMR (300 MHz, CD2CL, [5 = ppm]) & 8.21 (dd, 2J = 3.71Hz, 2H, Ha), 7.84 (m,
2H, He), 7.21 (t, 3] = 4.74Hz, 2H, Hb), 6.96 (d, 2T = 7.51Hz, 2H, Hd).

[1-Br-1]PFs. "H NMR (300 MHz, CD,Cls, [§ = ppm]) 5 8.21 (d, %/ = 3.88Hz, 2H, Ha), 7.82 (m,
2H, He), 7.21 (m, 1H, Hb), 6.95 (dd, 27 = 8.28Hz, 2.52Hz, 2H, Hd).

[1H]'CF3COO". 'H NMR (300 MHz, CD,Cly, [§ = ppm]) & 8.31 (dd, /= 1.78Hz, 1.57Hz, 1H,
Ha), 7.99 (m, 1H, Hc), 7.36 (m, 1H, Hb), 6.95 (d, 2/ = 8.29Hz, 1H, Hd).
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Synthesis and characterization of [2-Ag-2]PFs, [2-1-2]PF¢, [2-Br-2]PFe

Cl Cl Cl Cl Cl (o]l
d d d
Ve c<_§._.@_h2—> c<—§_3@,_ =
\ 7 N7 \ 4 N /7 \ v \_/
b a PFg b a PFg b a PFg
[2-Ag-2)PF [2--2)PFe [2-Br-2]pFg

To a solution of 2-chloropyridine (40 mg, 0.352 mmol, 2.0 eq) in 1 mL of CD-Cl; silver
hexafluorophosphate (44.50mg, 0.176 mmol, 1.0 eq) was added. The mixture was stirred for
10 mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution was divided into two equal portions. lodine (1) (24.61 mg, 0.097 mmol,
1.1 eq) was added to the first portion and immediately light-yellow silver iodide precipitates
and was filtered out from the solution leaving the [bis(2-chloropyridine) iodonium] complex
in the solution. Procedure with bromine (Br2) (15.50 mg, 0.097 mmol, 1.1 eq) was done with
the second portion for the [bis(2-chloropyridine) bromonium] complex. The I'" and Br"
complexes were not isolated but used as such for the NMR experiments or crystallized as single

crystal for the X-ray diffraction analysis.

[2-Ag-2]PFs. 'H NMR (300 MHz, CD,Cl,, [§ = ppm]) & 8.61 (dd, 2J = 5.32Hz, 1.75Hz, 2H,
Ha), 8.02 (dt, °>J = 11.70Hz, 2J = 1.88Hz 2H, Hc), 7.68 (d, 2] = 8.25Hz, 2H, Hd), 7.58 (m, 1H,
Hb).

[2-1-2]PFs. 'H NMR (300 MHz, CD,Cl, [8 = ppm]) & 8.94 (d, 2H, Ha), 8.38 (t, 2H, Hc), 7.70
(d, 2H, Hd), 7.35 (t, 2H, Hb).

[2-Br-2]PFe. 'H NMR (300 MHz, CD2Cl, [5 = ppm]) & 8.47 (d, 2H, Ha), 7.85 (t, 2H, Hc), 7.48
(d, 2H, Hd), 7.40 (t, 2H, Hb).

[2H]"CF3COO". 'H NMR (300 MHz, CD,Cl, [6 = ppm]) & 8.49 (dd, 2J = 5.03, 2] = 1.28, 1H,
Ha), 7.86 (dt, 1H, Hc), 7.47 (d, 1H, Hd), 7.42 (m, 1H, Hb).
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Synthesis and characterization of [3-Ag-3]PFs, [3-1-3]PF¢, [3-Br-3]PFe

Br Br Br Br Br Br
d d d
oy fhen e
N7 N/ v N7 v \/
b a PFg b a  PFg b a PFg
[3-Ag-3]PF¢ [3--3]PFs [3-Br-3)PFs

To a solution of 2-bromopyridine (40 mg, 0.253 mmol, 2.0 eq) in 1 mL of CD>Cl: silver
hexafluorophosphate (32.11mg, 0.127 mmol, 1.0 eq) was added. The mixture was stirred for
10 mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution was divided into two equal portions. lodine (I>) (17.64 mg, 0.069 mmol,
1.1 eq) was added to the first portion and immediately light-yellow silver iodide precipitates
and was filtered out from the solution leaving the [bis(2-bromopyridine) iodonium] complex
in the solution. Procedure with bromine (Br2) (11.10 mg, 0.069 mmol, 1.1 eq) was done with
the second portion for the [bis(2-bromopyridine) bromonium] complex. The I" and Br"
complexes were not isolated but used as such for the NMR experiments or crystallized as single

crystal for the X-ray diffraction analysis.

[3-Ag-3]PFs. "H NMR (300 MHz, CD,Cly, [5 = ppm]) & 8.55 (ddd, 2H, Ha), 7.90 (dt, 2H, He),
7.81 (d, 2H, Hd), 7.61 (m, 2H, Hb).

[3-1-3]PFs. '"H NMR (300 MHz, CD2Cly, [5 = ppm]) & 8.99 (d, 2H, Ha), 8.07 (t, °J = 7.49Hz,
2H, Hc), 7.97 (d, 2J = 7.43Hz, 2H, Hd), 7.54 (t, *J = 6.30Hz, 2H, Hb).

[3-Br-3]PFs. '"H NMR (300 MHz, CD,Cls, [6 = ppm]) & 8.78 (dd, 2J = 5.70Hz, 1.54Hz, 2H,
Ha), 8.05 (dt, 37 = 11.81Hz, 2J = 1.78Hz, 2H, Hc), 7.92 (dd, 2J = 8.09Hz, 0.90Hz, 2H, Hd), 7.67
(m, 2H, Hb).

[3H]"CF3;COO". 'H NMR (300 MHz, CD>Cl,, [ = ppm]) & 8.53 (ddd, 2J = 5.07Hz, J = 0.88Hz,

1H, Ha), 8.05 (dt, /= 11.80Hz, 2J = 2.04, 1H, Hc), 7.66 (td, >J = 0.88Hz, 2J = 8.08Hz, 1H, Hd),
7.48 (m, 1H, Hb).
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Synthesis and characterization of [4-Ag-4]|PFs, [4-1-4]PF¢, [4-Br-4]PF

1 1 1 1 | |
TraD Qe 0D
\ 7 N7 \ 7 N7 \ 7 N\ _/
b a PFg b a  PFg b a PFg

[4-Ag-4] PFe [4-|-4]p|:6 [4-Br-4]p|:6

To a solution of 2-iodopyridine (40 mg, 0.195 mmol, 2.0 eq) in 1 mL of CD2Cl; silver
hexafluorophosphate (24.78mg, 0.098 mmol, 1.0 eq) was added. The mixture was stirred for
10 mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution was divided into two equal portions. lodine (I2) (13.58 mg, 0.053 mmol,
1.1 eq) was added to the first portion and immediately light-yellow silver iodide precipitates
and was filtered out from the solution leaving the [bis(2-iodopyridine) iodonium] complex in
the solution. Procedure with bromine (Br) (8.55 mg, 0.053 mmol, 1.1 eq) was done with the
second portion for the [bis(2-iodopyridine) bromonium] complex. The I" and Br" complexes
were not isolated but used as such for the NMR experiments or crystallized as single crystal

for the X-ray diffraction analysis.

[4-Ag-4]PFs. '"H NMR (300 MHz, CD,Cly, [6 = ppm]) & 8.43 (m, 2H, Ha), 7.96 (m, 2H, Hd),
7.64 (dt, *J = 11.53Hz, 2] = 2.06Hz, 2H, Hc), 7.57 (m, 2H, Hb).

[4-1-4]PFs. 'H NMR (300 MHz, CD2Cl, [ = ppm]) & 9.08 (d, 2J = 5.08Hz, 2H, Ha), 8.23 (d,
27 =17.88Hz, 2H, Hd), 7.81 (dt, *J = 7.34MHz, 2H, Hc), 7.54 (m, 2H, Hb).

[4-Br-4]PFs. 'H NMR (300 MHz, CD,Cla, [ = ppm]) & 8.73 (d, 2H, Ha), 8.09 (d, 2H, Hd),
7.73 (dt, 3T = 11.54, 2 = 2.00, 2H, Hc), 7.62 (m, 2H, Hb).

[4H]'CF;COO". "H NMR (300 MHz, CD2Cl,, [6 = ppm]) 6 8.53 (d, 1H, Ha), 8.09 (m, 1H, Hd),
7.59 (dt, J =11.54,2J =2.10, 1H, Hc), 7.51 (m, 1H, Hb).
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Synthesis and characterization of [5-Ag-5]PFs, [5-1-5]PF¢, [5-Br-5]PF¢

Me  Me Me  Me Me Me
d d d
Gl 0D Gl
\ 7/ N /7 N7 \ N\ _/
b a PFs b a PFg b _a PF
[5-Ag-51PFg [5-1-51PFs [5-Br-51PFs

To a solution of 2-methylpyridine (40 mg, 0.430 mmol, 2.0 eq) in 1 mL of CD,Cl silver
hexafluorophosphate (54.36mg, 0.215 mmol, 1.0 eq) was added. The mixture was stirred for
10 mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution was divided into two equal portions. lodine (I2) (29.95 mg, 0.118 mmol,
1.1 eq) was added to the first portion and immediately light-yellow silver iodide precipitates
and was filtered out from the solution leaving the [bis(2-methylpyridine) iodonium] complex
in the solution. Procedure with bromine (Br2) (18.85 mg, 0.118 mmol, 1.1 eq) was done with
the second portion for the [bis(2-methylpyridine) bromonium] complex. The I" and Br"
complexes were not isolated but used as such for the NMR experiments or crystallized as single

crystal for the X-ray diffraction analysis.

[5-Ag-5]PFs. 'H NMR (300 MHz, CD,Cly, [ =ppm]) & 8.53 (d, 2H, Ha), 7.88 (dt, >J="7.73Hz,
1.76Hz, 2H, Hc), 7.49 (d, 2J = 7.88Hz, 2H, Hd), 7.37 (m, 2H, Hb), 2.75 (s, 6H, He).

[5-1-5]PFs. 'H NMR (300 MHz, CD>Cl, [8 = ppm]) & 8.88 (dd, 2] = 5.75Hz, 1.08Hz, 2H, Ha),
8.06 (dt, 3J = 11.59Hz, ?J = 1.58Hz, 2H, Hc), 7.57 (d, 2J = 7.73Hz, 2H, Hd), 7.33 (t, 2H, Hb),
2.83 (s, 3H, He).

[5-Br-5]PFs. '"H NMR (300 MHz, CD,Cly, [8 = ppm]) & 8.62 (d, 2J = 4.34Hz, 2H, Ha), 8.01 (4,
3J=17.52Hz, 2H, Hc), 7.52 (d, ] = 7.88Hz, 2H, Hd), 7.43 (t, *] = 6.57Hz, 2H, Hb), 2.80 (s, 3H,
He).

[SH]"CFsCOO". 'H NMR (300 MHz, CD,Cl, [5 = ppm]) & 8.77 (dd, 2J = 5.73Hz, 6.84Hz, 1H,
Ha), 8.20 (dt, 1H, Hc), 7.67 (m, 1H, Hd), 7.64 (m, 1H, Hb), 2.80 (s, 3H, He).
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Synthesis and characterization of [6-Ag-6]PFs, [6-1-6]PF¢, [6-Br-6]PF

F F F F F F
a a a
o A® o b o I® o b o BC:) o
b -Ag- —I— -Br-
> 4w ) / } 4 er ) / > 7 er) /
F F F

[6-Ag-6]PFs [6-1-6]PFs [6-Br-6]PFe

To a solution of 2,6-Difluoropyridine (40 mg, 0.348 mmol, 2.0 eq) in 1 mL of CD>Cl,
silver hexafluorophosphate (44.00mg, 0.174 mmol, 1.0 eq) was added. The mixture was stirred
for 10 mins at room temperature. When all solids have dissolved and the mixture turned clear
and colorless, the solution was divided into two equal portions. Iodine (I2) (24.24 mg, 0.095
mmol, 1.1 eq) was added to the first portion and immediately light-yellow silver iodide
precipitates and was filtered out from the solution leaving the [bis(2,6-Difluoropyridine)
iodonium] complex in the solution. Procedure with bromine (Br) (15.26 mg, 0.095 mmol, 1.1
eq) was done with the second portion for the [bis(2,6-Difluoropyridine) bromonium] complex.
The I" and Br" complexes were not isolated but used as such for the NMR experiments or

crystallized as single crystal for the X-ray diffraction analysis.

[6-Ag-6]PFs. '"H NMR (300 MHz, CD,Cly, [§ = ppm]) § 7.95 (m, 2H, Hb), 6.89 (d, 2] = 8.02Hz,
4H, Ha).

[6-1-6]PFs. 'H NMR (300 MHz, CD,Cl,, [6=ppm]) 5 7.913 (¢, 2H, Hb), 6.851 (dd, 2/=8.02Hz,
0.59Hz, 4H, Ha).

[6-Br-6]PFs. '"H NMR (300 MHz, CD,Cl,, [§ = ppm]) & 7.915 (t, 2H, Hb), 6.851 (dd, 2J =
8.14Hz, 0.59Hz, 4H, Ha).

[6H]'CF;COO". 'H NMR (300 MHz, CD>Cl, [5 = ppm]) 5 8.01 (t, 1H, Hb), 6.93 (d, 2J =
8.11Hz, 2H, Ha).
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Synthesis and characterization of [7-Ag-7]PFs, [7-1-7]PFs, [7-Br-7]PFe

b b e

(T-Ag-TIPFe (7--7ppFs [7-Br7JPFs

To a solution of 2,6-Dichloropyridine (40 mg, 0.270 mmol, 2.0 eq) in 1 mL of CD>Cl,
silver hexafluorophosphate (34.13mg, 0.135 mmol, 1.0 eq) was added. The mixture was stirred
for 10 mins at room temperature. When all solids have dissolved and the mixture turned clear
and colorless, the solution was divided into two equal portions. lodine (I2) (18.91 mg, 0.074
mmol, 1.1 eq) was added to the first portion and immediately light-yellow silver iodide
precipitates and was filtered out from the solution leaving the [bis(2,6-Dichloropyridine)
iodonium] complex in the solution. Procedure with bromine (Br2) (11.90 mg, 0.074 mmol, 1.1
eq) was done with the second portion for the [bis(2,6-Dichloropyridine) bromonium] complex.
The T" and Br" complexes were not isolated but used as such for the NMR experiments or

crystallized as single crystal for the X-ray diffraction analysis.

[7-Ag-7]PFs. 'H NMR (300 MHz, CD2Cl, [8 = ppm]) & 7.74 (t, 3] = 7.87, 6H, Ha, Hb), 7.37
(d, 2 =7.80Hz, 4H, Ha).

[7-1-7]PFs. "H NMR (300 MHz, CD,ClL, [5 = ppm]) & 7.67 (t, *J = 7.86, 6H, Ha, Hb), 7.31 (d,
2] =17.77Hz, 4H, Ha).

[7-Br-7]PFs. 'H NMR (300 MHz, CD:Cls, [3 = ppm]) 8 7.64 (t, *] = 7.83Hz, 6H, Ha, Hb), 7.29
(d, 27 = 7.92Hz, 4H, Ha).

[7H]"CF3COO". '"H NMR (300 MHz, CD>Cl,, [6 = ppm]) § 7.71 (t, *] = 7.80Hz, 1H, Hb), 7.34
(d, 2] = 7.80Hz, 2H, Ha).
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Synthesis and characterization of [8-Ag-8]PFs, [8-1-8]PF¢, [8-Br-8]PFs

i St

[8-Ag-8]PFg [8-1-8]PFs [8-Br-81pFs

To a solution of 2,6-Dibromopyridine (40 mg, 0.169 mmol, 2.0 eq) in 1 mL of CD>Cl,
silver hexafluorophosphate (21.49mg, 0.085 mmol, 1.0 eq) was added. The mixture was stirred
for 10 mins at room temperature. When all solids have dissolved and the mixture turned clear
and colorless, the solution was divided into two equal portions. lodine (I2) (11.80 mg, 0.046
mmol, 1.1 eq) was added to the first portion and immediately light-yellow silver iodide
precipitates and was filtered out from the solution leaving the [bis(2,6-Dibromopyridine)
iodonium] complex in the solution. Procedure with bromine (Br2) (7.43 mg, 0.046 mmol, 1.1
eq) was done with the second portion for the [bis(2,6-Dibromopyridine) bromonium] complex.
The I" and Br" complexes were not isolated but used as such for the NMR experiments or

crystallized as single crystal for the X-ray diffraction analysis.

[8-Ag-8]PFs. 'H NMR (300 MHz, CD:Cls, [8 = ppm]) & 7.478 (m, 6H, Ha, Hb).
[8-1-8]PFs. "H NMR (300 MHz, CD,Cly, [5 = ppm]) § 7.475 (m, 6H, Ha, Hb).
[8-Br-8]PFs. 'H NMR (300 MHz, CD,Cly, [5 = ppm]) & 7.472 (m, 6H, Ha, Hb).

[8H]'CF:COO". '"H NMR (300 MHz, CD,CL, [5 = ppm]) § 7.508 (m, 3H, Ha, Hb).
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Synthesis and characterization of [9-Ag-9]PFs, [9-1-9]PF¢, [9-Br-9]PFe

a 1 | a 1 l a 1 |

b_-A%-_b_—l@—_b_—Bc:)—_

QD QD QED
1 | l 1 1 |
[9-Ag-9]PFs [9-1-91PFs6 [9-Br-91PFs

To a solution of 2,6-Diiodopyridine (40 mg, 0.120 mmol, 2.0 eq) in 1 mL of CD>Cl,
silver hexafluorophosphate (15.28mg, 0.0604 mmol, 1.0 eq) was added. The mixture was
stirred for 10 mins at room temperature. When all solids have dissolved and the mixture turned
clear and colorless, the solution was divided into two equal portions. lodine (I>) (8.43mg,
0.0332 mmol, 1.1 eq) was added to the first portion and immediately light-yellow silver iodide
precipitates and was filtered out from the solution leaving the [bis(2,6-Dibromopyridine)
iodonium] complex in the solution. Procedure with bromine (Br2) (5.30 mg, 0.0332 mmol, 1.1
eq) was done with the second portion for the [bis(2,6-Dibromopyridine) bromonium] complex.
The I" and Br" complexes were not isolated but used as such for the NMR experiments or

crystallized as single crystal for the X-ray diffraction analysis.

[9-Ag-9]PFs. '"H NMR (300 MHz, CD,Cl, [6 = ppm]) & 7.882 (d, 2/ = 7.83Hz 4H, Ha), § 7.190
(t,3J=7.85Hz, 2H, Hb).

[9-1-9]PFs. "H NMR (300 MHz, CD,Cly, [5 = ppm]) 5 7.766 (d, 2/ = 7.75Hz, 4H, Ha), 5 7.039
(t, 2J=7.75Hz, 2H, Hb).

[9-Br-9]PFe. 'H NMR (300 MHz, CD>Cl, [5 = ppm]) 8 7.725 (d, 2/ = 7.82Hz, 4H, Ha), 5 6.989
(t, 37 = 7.78Hz, 2H, Hb).

[9H]'CF3COO". 'H NMR (300 MHz, CD,Cly, [ = ppm]) § 7.756 (d, 2J = 7.76Hz, 2H, Ha), §
7.024 (t,*J =7.74Hz, 1H, Hb).

101



Synthesis and characterization of [10-Ag-10]PF¢, [10-I-10]PFs, [10-Br-10]PFe

e e

Ve Me Me Me Me  Me
a a a
o A% o b o I® o b o B? o
b - - —l— —Br-
> 4 e ) / \ 7 er ) / \ 7 o) /
e M Me M Me M
[10-Ag-101pFs [10-1-101PFg [10-Br-101pFq

To a solution of 2,6-Dimethylpyridine (40 mg, 0.373 mmol, 2.0 eq) in 1 mL of CD>Cl,
silver hexafluorophosphate (47.28mg, 0.187 mmol, 1.0 eq) was added. The mixture was stirred
for 10 mins at room temperature. When all solids have dissolved and the mixture turned clear
and colorless, the solution was divided into two equal portions. Iodine (I2) (26.14 mg, 0.103
mmol, 1.1 eq) was added to the first portion and immediately light-yellow silver iodide
precipitates and was filtered out from the solution leaving the [bis(2,6-Dimethylpyridine)
iodonium] complex in the solution. Procedure with bromine (Br) (16.46 mg, 0.103 mmol, 1.1
eq) was done with the second portion for the [bis(2,6-Dimethylpyridine) bromonium] complex.
The I" and Br" complexes were not isolated but used as such for the NMR experiments or

crystallized as single crystal for the X-ray diffraction analysis.

[10-Ag-10]PFs. 'H NMR (300 MHz, CD2Cl, [6 = ppm]) & 7.77 (t, 3] = 7.65Hz, 4H, Hb), 7.27
(d, 2J="7.58 Hz, 4H, Ha), 2.73 (s, 6H, He).

[10-1-10]PFs. 'H NMR (300 MHz, CD>Cl,, [ = ppm]) 8 7.76 (t, *] = 7.77Hz, 4H, Hb), 7.20 (d,
2J=1.73Hz, 2H, Ha), 2.69 (s, 6H, Hc).

[10-Br-10]PFs. '"H NMR (300 MHz, CD2Cly, [8 = ppm]) & 7.80 (t, °] = 7.71Hz, 4H, Hb), 7.79
(d, 2J=17.61Hz, 2H, Ha), 2.74 (s, 6H, Hc).

[10H]'CF5COO". 'H NMR (300 MHz, CD,Cl, [§ = ppm]) & 8.02 (t, *] = 7.86Hz, 1H, Hb), 7.39
(d, 2J=17.91Hz, 2H, Ha), 2.74 (s, 3H, Hc).
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Synthesis and characterization of [11-Ag-11]PFs

— ® N
% “\N— ©
D‘AQ'N NT P
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To a solution of 1-methyl-1H-1,2,3-triazole (11) (8.2 mg, 0.099 mmol, 2.0 eq) in 0.5 mL of
CD:Cl, was added silver hexafluorophosphate (12.4 mg, 0.049 mmol, 1.0 eq). The mixture in
an NMR tube was stirred for 10 mins to give a silver complex [bis(1-methyl-1H-1,2,3-triazole)

silver] hexafluorophosphate.

IH NMR (300 MHz, CD,Cls, [ = ppm]): & 7.85 (s, 1H), 7.80 (s, 1H), 4.17 (s, 3H).

Synthesis and characterization of [11-1-11]PF¢

— N
ﬂ—p—N” N
~ SN’ \—/ 6

To the solution of [bis(1-methyl-1H-1,2,3-triazole)silver] hexafluorophosphate [11-
Ag-11]PFg, the elementary 1> (12.5 mg, 0.049 mmol, 1.0 eq) was added. The NMR
tube was centrifuged for 5 mins, an iodonium complex [bis(1-methyl-1H-1,2,3-

triazole) iodonium] hexafluorophosphate was obtained.

1H NMR (300 MHz, CD>Clz [6 = ppm]): 6 7.98 (s, 1H), 7.90 (s, 1H), 4.25 (s, 3H).

Synthesis and characterization of [12-Ag-12]PFs, [12-1-12]PFs

[12-Ag-12)PFg [12-1-12)pFg
To a solution of 12 (10mg, 0.0444 mmol, 2.0 eq) in 1ml of CD.Cl; silver

hexafluorophosphate (5.61mg, 0.0222 mmol, 1.0 eq) was added. The mixture was
stirred for 5 mins at room temperature. When all solids have dissolved and the
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mixture turned clear and colorless, the solution were directly used to measure NMR
without isolation. Iodine (I2) (6.20mg, 0.0244 mmol, 1.1 eq) was added to the same
solution and immediately light yellow silver iodide precipitates and was filtered out
from the solution leaving the [12-I-12]*PFs- complex in the solution and used as such
for the NMR experiments. The [12H]*CF;COO- complex was synthesized by mixing
12 (10mg, 0.0444 mmol,1.0eq) and CFsCOOH (5.06mg, 0.0444 mmol, 1.0eq) in 6001 of
CDoCl,.

[12-Ag-12]PFs. TH NMR (300 MHz, CD:Cl> [6 = ppm]): 6 3.58 (s, 4H, H), 2.51 (t, 4H,
H.), 2.47 (t, 4H, Ha), 2.16 (s, 6H, Ha).

[12-1-12]PFs. 1H NMR (300 MHz, CD2CL [ = ppm]): & 4.31 (s, 4H, Hy), 3.35 (t, 4H, H.),
3.09 (t, 4H, Ha), 2.76 (s, 6H, Ha).

Synthesis and characterization of [13-Ag-13]PF¢, [13-1-13]PFs

Ol 0 O

N
| lo
Ag® ()
|g (I?F() | PFg
N N/\/\©
[13-Ag-131PFs [13--13]PFg

To a solution of 13 (10mg, 0.0418 mmol, 2.0 eq) in Iml of CDyCl silver
hexafluorophosphate (5.28mg, 0.0209 mmol, 1.0 eq) was added. The mixture was stirred for 5
mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution were directly used to measure NMR without isolation. lodine (I2)
(5.83mg, 0.0230 mmol, 1.1 eq) was added to the same solution and immediately light yellow
silver iodide precipitates and was filtered out from the solution leaving the [13-1-13]"PF¢
complex in the solution and used as such for the NMR experiments. The [13H]'CF3COO
complex was synthesized by mixing 13 (10mg, 0.0418 mmol,1.0eq) and CFzCOOH (4.77mg,
0.0418 mmol, 1.0eq) in 600ul of CD2Cl.

[13-Ag-13]PFs. 'H NMR (300 MHz, CD,Cl, [8 = ppm]): & 3.51 (s, 4H, Hp), 2.60 (t, 4H, Ho),
2.41 (t, 4H, He), 2.23 (s, 6H, Hy), 1.83 (m, 4H, Ho).
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[13-1-13]PFs. "H NMR (300 MHz, CD2Cls [ = ppm]): & 4.23 (s, 4H, Hy), 3.14 (t, 4H, He), 2.70
(s, 6H, Ha), 2.68 (t, 4H, H.), 2.07 (m, 4H, Ha).

Synthesis and characterization of [14-Ag-14]PFs, [14-1-14]PFs

Ag® o © )
| AN o PF(‘ hll/\/ ° PF6
N
@ | O g | @
[1 4-Ag-14]|:>|:6 [14-I-14]|:>|:6

To a solution of 14 (10mg, 0.0414 mmol, 2.0 eq) in Iml of CD.Cl silver
hexafluorophosphate (5.24mg, 0.0207 mmol, 1.0 eq) was added. The mixture was stirred for 5
mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution were directly used to measure NMR without isolation. lodine (I2)
(5.78mg, 0.0228 mmol, 1.1 eq) was added to the same solution and immediately light yellow
silver iodide precipitates and was filtered out from the solution leaving the [14-1-14]"PF¢
complex in the solution and used as such for the NMR experiments. The [14H]"'CF3COO
complex was synthesized by mixing 14 (10mg, 0.0414 mmol,1.0eq) and CF3COOH (4.72mg,
0.0414 mmol, 1.0eq) in 600ul of CD>Cl,.

[14-Ag-14]PFs. 'H NMR (300 MHz, CD,Cl, [8 = ppm]): & 4.13 (t, 4H, Hy), 3.62 (s, 4H, Hy),
2.80 (t, 4H, He), 2.31 (s, 6H, Ha).

[14-1-14]PFs. 'H NMR (300 MHz, CD,Cl> [8 = ppm]): & 4.38 (t, 4H, Hy), 4.30 (s, 4H, Ha), 3.48
(t, 4H, He), 2.83 (s, 6H, H.,).
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Synthesis and characterization of [15-Ag-15]PF¢, [15-1-15]PFs

Ad® (S]
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[15-Ag-15]PFe [15-1-15)PF¢

To a solution of 15 (10mg, 0.0418 mmol, 2.0 eq) in Iml of CD.Cl silver
hexafluorophosphate (5.29mg, 0.0209 mmol, 1.0 eq) was added. The mixture was stirred for 5
mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution were directly used to measure NMR without isolation. lodine (I2)
(5.84mg, 0.0230 mmol, 1.1 eq) was added to the same solution and immediately light yellow
silver iodide precipitates and was filtered out from the solution leaving the [15-1-15]"PF¢
complex in the solution and used as such for the NMR experiments. The [15H]'CF3COO
complex was synthesized by mixing 15 (10mg, 0.0418 mmol,1.0eq) and CFzCOOH (4.76mg,
0.0418 mmol, 1.0eq) in 600ul of CD2Cl,.

[15-Ag-15]PFs. 'H NMR (300 MHz, CD2Cl1 [8 = ppm]): § 3.50 (s, 4H, Hp), 3.46 (s, 4H, He),
2.29 (s, 6H, He), 2.28 (s, 6H, Ha), 2.08 (s, 6H, Ha).

[15-1-15]PFs. "H NMR (300 MHz, CD2CL [8 = ppml]): 5 4.23 (s, 4H, Hy), 4.10 (s, 4H, H.), 2.54
(s, 6H, Ha), 2.30 (s, 6H, Ho), 2.18 (s, 4H, Ho).
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Synthesis and characterization of [16-Ag-16]PF¢, [16-1-16]PFs

F Ag@

[16-Ag-16]PF [16-1-16)PF¢

To a solution of 16 (10mg, 0.0332 mmol, 2.0 eq) in Iml of CD.Cl silver
hexafluorophosphate (4.20mg, 0.0166 mmol, 1.0 eq) was added. The mixture was stirred for 5
mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution were directly used to measure NMR without isolation. lodine (I2)
(4.63mg, 0.0183 mmol, 1.1 eq) was added to the same solution and immediately light yellow
silver iodide precipitates and was filtered out from the solution leaving the [16-1-16]"PF¢
complex in the solution and used as such for the NMR experiments. The [16H]'CF3COO

complex was synthesized by mixing 16 (10mg, 0.0332 mmol,1.0eq) and CFzCOOH (3.79mg,
0.0332 mmol, 1.0eq) in 600ul of CD2Cl.

[16-Ag-16]PFs. 'H NMR (300 MHz, CD2Cl1 [8 = ppm]): § 3.70 (s, 4H, Hp), 3.56 (s, 4H, He),
2.13 (s, 6H, Ha).

[16-1-16]PFs. "H NMR (300 MHz, CD>CL [8 = ppml]): 5 4.33 (s, 4H, Hy), 4.30 (s, 4H, H.), 2.67
(s, 6H, Ha).
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Synthesis and characterization of [17-Ag-17]PF, [17-1-17]PFs
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(17-Ag-171PFs (17--17)PFg

To a solution of 17 (10mg, 0.0520 mmol, 2.0 eq) in Iml of CD.Cl silver
hexafluorophosphate (6.58mg, 0.0260 mmol, 1.0 eq) was added. The mixture was stirred for 5
mins at room temperature. When all solids have dissolved and the mixture turned clear and
colorless, the solution were directly used to measure NMR without isolation. lodine (I2)
(7.26mg, 0.0286 mmol, 1.1 eq) was added to the same solution and immediately light yellow
silver iodide precipitates and was filtered out from the solution leaving the [17-1-17]"PF¢
complex in the solution and used as such for the NMR experiments. The [17H]'CF3COO
complex was synthesized by mixing 17 (10mg, 0.0520 mmol,1.0eq) and CF3COOH (5.93mg,
0.0520 mmol, 1.0eq) in 600ul of CD2Cl,.

[17-Ag-17]PFs. 'H NMR (300 MHz, CD2Cl> [§ = ppm]): 8 3.53 (s, 4H, He), 2.50 (q, 4H, H.),
2.42 (t, 4H, Hy), 1.48 (m, 4H, H.), 1.30 (m, 4H, Hy), 1.02 (t, 6H, Hy), 0.86 (t, 6H, Hy).

[17-1-17]PFs. 'H NMR (300 MHz, CD,Cl>[5 = ppm]): & 4.18 (s, 4H, H.), 2.94 (q, 4H, H,), 2.90
(t, 4H, Hy), 1.63 (m, 4H, He), 1.31 (m, 4H, Hy), 1.24 (t, 6H, Hy), 0.89 (t, 6H, H,).
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Synthesis and characterization of [18-Ag-18]PFs
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To a solution of 1,10-phenanthroline 18 (10 mg, 0.056 mmol, 2.0 eq) in 5 mL of CH>Cl, was
added silver hexafluorophosphate (7.01 mg, 0.028 mmol, 1.0 eq). The solution was stirred for
30 mins at room temperature. The reaction mixture was dried under vacuum to give the pale-
yellow solid [(1,10-phenanthroline); silver] hexafluorophosphate [18-Ag-18]PFs (18.0 g, 99%).
"H NMR (Figure 63)

IH NMR (300 MHz, CDCL3): & 9.18 (dd, J = 4.48, 1.6 Hz, 4H), 8.23 (dd, J= 1.72, 8.10 Hz,
4H), 7.77 (s, 4H), 7.62(dt, J = 12.52, 6.19 Hz, 4H).

Synthesis and characterization of [Ag3194][PFe]3.C4HsO

[Ag3(4'-Chloro-2,2":6',2"-terpyridine)s][PFs]3-C4HsO

To the clear solution of Ligand (30 mg, 0.112057 mmol) in CH2Cl> (10 mL) AgPFs
(14.165 mg, 0.056028 mmol) was added, white solution slowly forming. Reaction mixture was
stirred for 10 min at room temperature, providing protection from direct sunlight. Crystals
suitable for X-ray analysis were obtained by slow diffusion of THF solvent into DCM solution

at room temperature.
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'H NMR (CD:Cl,, 500 MHz, [ = ppm]): & (ppm) = 8.260 (d, 4H, J = 4.19 Hz, Hy), 8.198 (s,
4H, He), 8.161 (d, 4H, J = 7.92 Hz, H,), 7.821 (dt, 4H, J = 7.582 Hz, He), 7.323 (dt, 4H, J =
6.01Hz, Hy), 3.68 (t, H, THF), 1.82(m, H, THF), 1.53(s, H, water).

ESI-MS(+) (%): 375.9628 [AgL]", 643.0166 [AgL.]", 786.8896 [Ag2LoCl]* 268,0642 [L+H]*
and 290.0464 [L+ Na]" .

Synthesis and characterization of [Agz194][PFs]3

[Ag3(4'-Chloro-2,2":6',2"-terpyridine)4][PFs]3

To the clear solution of Ligand (30 mg, 0.112057 mmol) in CH>Cl> (10 mL) AgPFs
(14.165 mg, 0.056028 mmol) was added, white solution slowly forming. Reaction mixture was
stirred for 10 min at room temperature, providing protection from direct sunlight. Crystals
suitable for X-ray analysis were obtained by slow diffusion of THF solvent into DCM solution

at room temperature.

"H NMR (CD:Cly, 500 MHz, [§ = ppm]): & (ppm) = 8.222 (d, 4H, J = 4.65 Hz, Hy), 8.153 (s,
4H, H.), 8.092 (d, 4H, J = 7.97 Hz, H,), 7.839 (dt, 4H, J = 7.65 Hz, H.), 7.319 (dt, 4H, J =
6.19Hz, Hy), 1.53(s, H, water).

ESI-MS(+) (%): 375.9605 [AgL]", 643.017 [AgLa]", 290.046 [L+Na]* and 268,0642 [L+H]" .
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Synthesis and characterization of [Ag>19,][OTf]..CH2Cl2

[Ago(4'-Chloro-2,2":6',2"-terpyridine)2][OTf]>- CH2Cl»

To the clear solution of Ligand (10 mg, 0.0373 mmol) in CH>Cl> (10 mL) AgOTf (4.798
mg, 0.01867 mmol) was added, white solution slowly forming. Reaction mixture was stirred
for 10 min at room temperature, providing protection from direct sunlight. Crystals suitable for
X-ray analysis were obtained by slow diffusion of THF solvent into DCM solution at room

temperature.

"H NMR (CD:Cl,, 500 MHz, [8 = ppm]): & (ppm) = 8.540 (d, 4H, ] = 4.21 Hz, Hy), 8.439 (d,
4H, J = 7.90 Hz, H.), 8.389 (s, 4H, Hc), 7.873 (dt, 4H, J = 7.81 Hz H.), 7.364 (dt, 4H, J =
6.04Hz, Hy), 1.52(s, H, water).

ESI-MS(+) (%): 375.9672 [AgL]’, 643.018 [AgL.]", 786.8887 [Ag:L.Cl]" , 898.8734
[Ag:L,OTf]", 517.8354 [AgLCI]* and 268,0647 [L+H]".
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Synthesis and characterization of [Ag319.][PFe]s. CH2Cl2

[Ag3(4'-Chloro-2,2":6',2"-terpyridine)4][PFs]3- CH2Clo

To the clear solution of Ligand (10 mg, 0.0373 mmol) in CH>Cl> (10 mL) AgPFs (3.87
mg, 0.0186 mmol) was added, white solution slowly forming. Reaction mixture was stirred for
10 min at room temperature, providing protection from direct sunlight. Crystals suitable for X-
ray analysis were obtained by slow diffusion of THF solvent into DCM solution at room

temperature.
"H NMR (CD:Cl», 500 MHz, [§ = ppm]): & (ppm) = 8.335 (d, 4H, J = 4.55 Hz, Hq), 8.237 (s,

4H, H.), 8.237 (d, 4H, H.) 7.837 (dt, 4H, J = 7.81 Hz, Hc), 7.335 (dt, 4H, J = 6.02Hz, Hy),
1.59(s, H, water).
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 1. Crystal data and structure refinement for [1-Br-1]PF¢

[1-Br-1]PFs
Ci1oHsBrFsN2P
419.06

170.0(1)
monoclinic

P2/c

8.2062(16)
6.3110(13)
13.467(3)

90

90.19(3)

90

697.4(2)

2

1.996

3.149

408.0

0.14 x 0.09 x 0.09
MoKa (A =0.71073)
4.964 to 50.454

9<h<9,-6<k<7,-14<1<16

5116

1269 [Rint = 0.0759, Rsigma = 0.0655]

1269/0/102

1.057

R1=10.0443, wR> = 0.0977
R1=0.0521, wR2=0.1016
0.39/-0.54
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 2. Crystal data and structure refinement for [2-Ag-2]OTf

[2-Ag-2]0Tf
C11HsAgCLF3N20;S
484.02

120.0(1)

triclinic

P-1

5.8623(3)
11.3148(7)
12.1378(9)
86.079(6)

76.576(6)

78.384(5)

766.88(9)

2

2.096

1.844

472.0

0.316 x 0.27 x 0.181
MoKa (A =0.71073)
6.904 to 50.488

-7<h<7,-13<k<13,-14<1<14

8797

2770 [Rint = 0.0299, Rsigma = 0.0295]

2770/0/208

1.151

R1=10.0288, wR> = 0.0722
R1=0.0301, wR2=0.0729
1.08/-0.72
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 3 Crystal data and structure refinement for [2-Ag-2]PFs

[2-Ag-2]PFs
CioHsAgCLFsN2P
479.92

120.01(10)
orthorhombic
Pmmn

6.6257(3)
15.1930(6)
7.4063(3)

90

90

90

745.55(5)

2

2.138

1.876

464.0

0.136 x 0.13 x 0.082
MoKa (A =0.71073)
5.362 to 52.744

-8<h<4,-15<k<18,-5<51<9

1874

864 [Rint = 0.0351, Rsigma = 0.0457]

864/27/77

1.081

R1=10.0358, wR>=10.0851
R1=10.0396, wR2 = 0.0885
0.83/-0.59
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Appendix 4 Crystal data and structure refinement for [2-H-2]PF¢

Identification code [2-H-2]PFs
Empirical formula Ci1oHoCl2F¢N2P
Formula weight 373.06
Temperature/K 120.00(10)
Crystal system triclinic
Space group P-1

a/A 7.0392(15)
b/A 7.5634(16)
c/A 13.786(3)
a/° 92.706(18)
p/e 91.360(18)
v/° 110.60(2)
Volume/A3 685.6(3)

Z 2
Pealeg/cm’ 1.807
p/mm’! 0.652
F(000) 372.0

Crystal size/mm?

0.13 x 0.1 x0.07

Radiation MoKa (A =0.71073)

20 range for data collection/° 6.746 to 50.496

Index ranges -8<h<8,-9<k<8§,-15<1<16
Reflections collected 4203

Independent reflections 2463 [Rint = 0.0300, Rsigma = 0.0643]
Data/restraints/parameters 2463/0/190

Goodness-of-fit on F? 1.044

Final R indexes [[>=2c (I)] R1=0.0433, wR,=0.0773
Final R indexes [all data] R1 =0.0644, wR, = 0.0866
Largest diff. peak/hole / e A 0.30/-0.32
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 5 Crystal data and structure refinement for [3-Ag-3]|PFs

[3-Ag-3]PFs
CioHsAgBrFsN2P
568.84

170

monoclinic

P2i/n

9.9427(5)
10.4795(7)
15.1278(5)

90

103.640(3)

90

1531.78(14)

4

2.467

6.695

1072.0

0.36 x 0.2 x0.16
MoKa (A =0.71073)
4.466 to 52.734

-8<h<12,-12<k<13,-18<1<18

8920

3115 [Rint = 0.0429, Reigma = 0.0577]

3115/0/199

1.026

R1=0.0378, wR2=0.0698
Ri1=0.0595, wR, =0.0767
0.60/-0.77
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Appendix 6 Crystal data and structure refinement for [3-Br-3]PFs

Identification code [3-Br-3]PFs
Empirical formula CioHsBr3FsNoP
Formula weight 540.88
Temperature/K 120.01(10)
Crystal system orthorhombic
Space group Pmmn

a/A 6.8150(5)
b/A 14.5541(9)
c/A 7.8136(5)

a/° 90

p/e 90

v/° 90
Volume/A3 775.00(9)

Z 2

Pealeg/cm’ 2318

p/mm’! 7.969

F(000) 512.0

Crystal size/mm?

Radiation

0.215 x 0.152 x 0.142
MoKa (A =0.71073)

5.214 t0 50.49
-8<h<8§,-17<k<12,-8<1<9

20 range for data collection/°
Index ranges
Reflections collected 5010

Independent reflections 802 [Rint = 0.0425, Rsigma = 0.0275]

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

Final R indexes [all data]

802/0/68

1.149

R1=0.0225, wR> = 0.0543
R1=10.0268, wR2 = 0.0565

Largest diff. peak/hole / e A 0.55/-0.67
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

Pealeg/cm’

w/mm'!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 7 Crystal data and structure refinement for [3-1-3]PFs

[3-1-3]PFs
CioHsBroF6IN2P
587.87

170

monoclinic

C2/c

23.7587(7)
6.3272(2)
31.6507(9)

90

90.9720(10)

90

4757.2(2)

12

2.462

7.216

3288.0

0.24 x 0.18 x 0.1
MoKa (A =0.71073)
2.574 to 52.744

-29<h<29,-7<k<7,-39<1<39

8868

4859 [Rin = 0.0310, Ryjgma = 0.0355]

4859/0/301

1.028

R1=10.0320, wR> = 0.0687
R1=10.0433, wR2=0.0736
0.55/-0.89
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 8 Crystal data and structure refinement for [4-Ag-4]|PFs

[4-Ag-4]PFs
CioHsAgFsLN2P
662.82

170

monoclinic

P2i/n

10.0847(4)
10.5982(4)
15.6011(5)

90

104.895(2)

90

1611.41(10)

4

2.732

5.237

1216.0

0.16 x 0.16 x 0.08
MoKa (A =0.71073)
4.354 t0 61.696

-14<h<13,-13<k<15,-21<1<22

17316

4980 [Rin = 0.0391, Ryjgma = 0.0429]

4980/0/199

1.115

R1=10.0346, wR> = 0.0804
R1=10.0503, wR> = 0.0852
0.91/-0.98
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 9 Crystal data and structure refinement for [4-Br-4|PFs

[4-Br-4]PFs
Ci1oHsBrFs[2NoP
634.86

120.00(10)
monoclinic

C2/c

11.7677(3)
27.9608(6)
15.8191(4)

90

106.296(3)

90

4995.9(2)

12

2.532

6.326

3504.0

0.109 x 0.1 x 0.062
MoKa (A =0.71073)
3.89 to0 50.5

-14<h<13,-33<k<33,-18<1<17

16339

4527 [Rint = 0.0344, Rsigma = 0.0338]

4527/0/271

1.035

R1=10.0359, wR> = 0.0822
R1=0.0428, wR2 = 0.0868
4.44/-1.01
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

Pealeg/cm’

w/mm'!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 10 Crystal data and structure refinement for [4-1-4]PF6

[4-1-4]PFs

CioHgF6I3N>P

681.85

120.01(10)

monoclinic

P2/c

7.7630(2)

13.7428(3)

15.8870(3)

90

97.510(2)

90

1680.37(7)

4

2.695

5.729

1240.0

0.198 x 0.15 x 0.099
MoKa (A =0.71073)

3.934 t0 50.5
-9<h<9,-16<k<16,-19<1<19
11627

3044 [Rint = 0.0307, Rsigma = 0.0257]
3044/0/199

1.056

R;=0.0181, wR2 = 0.0389
R1=10.0210, wR> = 0.0400
0.39/-0.61
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 11 Crystal data and structure refinement for [S-Ag-5]PFs

[S-Ag-5]PFs
Ci2H14AgFsNoP
439.09

170.0(1)

triclinic

P-1

8.7457(17)
10.008(2)
10.385(2)
70.98(3)

65.85(3)

70.56(3)

762.9(4)

2

1.912

1.485

432.0

0.08 x 0.08 x 0.08
MoKa (A =0.71073)
5.622 to 50.5

-9<h<10,-11<k<11,-12<1<12

5337

2738 [Rint = 0.0205, Reigma = 0.0312]

2738/25/237

1.050

R1=10.0230, wR> = 0.0552
R1=10.0247, wR2 = 0.0561
0.41/-0.34
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Appendix 12 Crystal data and structure refinement for [5-1-5]PFs

Identification code [5-1-5]PFs
Empirical formula Ci12H14F6IN2P
Formula weight 458.12
Temperature/K 293(2)
Crystal system triclinic
Space group P-1

a/A 6.906(2)
b/A 7.721(3)
c/A 7.868(3)
a/° 82.82(3)
p/e 71.91(3)
v/° 85.79(3)
Volume/A3 395.4(2)
Z 1
Pealcg/cm’ 1.924
pw/mm’! 2.184
F(000) 222.0

Crystal size/mm?

0.09 x 0.09 x 0.09

Radiation MoKa (A =0.71073)

20 range for data collection/° 6.92 to 50.488

Index ranges -7<h<8,-9<k<9,-9<1<9
Reflections collected 2508

Independent reflections 1430 [Rint = 0.0384, Rgigma = 0.0762]
Data/restraints/parameters 1430/0/104

Goodness-of-fit on F? 1.052

Final R indexes [[>=2c ()] R1=0.0661, wR,=0.1679
Final R indexes [all data] R1=0.0670, wR2 =0.1706
Largest diff. peak/hole / e A 3.66/-0.94
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 13 Crystal data and structure refinement for [5-Br-5]Br;

[5-Br-5]Br3
Ci2H14BraN»
505.89

170.0(1)

triclinic

P-1

6.7988(14)
7.6795(15)
9.0694(18)
102.10(3)
107.88(3)
106.94(3)
407.15(17)

1

2.063

9.870

240.0

0.11 x 0.1 x0.09
MoKa (A =0.71073)
4.996 to 50.498

8§<h<8,-9<k<7-10<1<10

2899

1474 [Rint = 0.0563, Rsigma = 0.0805]

1474/0/86

1.055

R1=0.0464, wR> =0.1093
R1=0.0610, wR2=0.1164
0.99/-1.17
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Appendix 14 Crystal data and structure refinement for [S-Br-5]PF¢

Identification code [5-Br-5]PFs
Empirical formula C12H14BrFsNoP
Formula weight 411.13
Temperature/K 120.01(10)

Crystal system triclinic

Space group P-1

a/A 6.7678(6)

b/A 7.7861(8)

c/A 7.8101(7)

o/° 81.889(8)

pB/e 69.838(9)

v/° 85.541(8)
Volume/A3 382.28(7)

Z 1

Pealeg/cm’ 1.786

p/mm’! 2.853

F(000) 204.0

Crystal size/mm? 0.184 x 0.101 x 0.052
Radiation MoKa (A =0.71073)

20 range for data collection/° 5.288 t0 52.72

Index ranges -7<h<8,-9<k<9,-9<1<8
Reflections collected 2577

Independent reflections 1568 [Rint = 0.0277, Rgigma = 0.0588]
Data/restraints/parameters 1568/0/104

Goodness-of-fit on F? 1.026

Final R indexes [[>=2c ()] R1=0.0362, wR, = 0.0661

Final R indexes [all data] R1=0.0394, wR, =0.0677

Largest diff. peak/hole / e A 0.48/-0.38
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Appendix 15 Crystal data and structure refinement for [5-1-5]PFs

Identification code [5-1-5]PFs
Empirical formula C12H14F6IN2P
Formula weight 458.12
Temperature/K 120.01(10)
Crystal system triclinic
Space group P-1

a/A 6.906(2)
b/A 7.721(3)
c/A 7.868(3)
a/° 82.82(3)
p/e 71.91(3)
v/° 85.79(3)
Volume/A3 395.4(2)

Z 1
Pealeg/cm’ 1.924
p/mm’! 2.184
F(000) 222.0

Crystal size/mm?

Radiation

0.11 x 0.08 x 0.07
MoKa (A =0.71073)

6.92 to 50.488
-7<h<8,-9<k<9,-9<1<9

20 range for data collection/°

Index ranges

Reflections collected 2511
Independent reflections 1431 [Rint = 0.0385, Rsigma = 0.0762]
Data/restraints/parameters 1431/0/104

Goodness-of-fit on F? 1.091

Final R indexes [[>=2c (I)] R1=0.0667, wR, = 0.1745
Final R indexes [all data] R1=0.0676, wR, =0.1769
Largest diff. peak/hole / e A 3.62/-0.97

127



Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 16 Crystal data and structure refinement for [7-Ag-7]OTf

[7-Ag-7|O0Tf
C11HsAgCl4F3N203S
552.91

170.0(1)

monoclinic

P2i/c

7.6468(15)
16.640(3)

14.189(3)

90

96.82(3)

90

1792.7(6)

4

2.049

1.880

1072.0

0.12 x 0.092 x 0.071
MoKa (A =0.71073)
3.788 to 50.484

-9<h<8§,-19<k<19,-17<1<17

18651

3245 [Rint = 0.0623, Reigma = 0.0546]

3245/0/226

1.044

R1=10.0396, wR> =0.0611
R1=0.0700, wR2 = 0.0683
0.44/-0.46
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 17 Crystal data and structure refinement for [8-Ag-8]BF4

[8-Ag-8]BF4
Ci10HsAgBBrsF4N2
668.49

120.01(10)
monoclinic

C2/c

8.3835(3)
14.2754(5)
13.0402(6)

90

95.697(4)

90

1552.91(11)

4

2.859

11.625

1232.0

0.148 x 0.086 x 0.059
MoKa (A =0.71073)
5.656 to 52.734

-10<h<5,-15<k<17,-15<1<16

3118

1593 [Rint = 0.0230, Rsigma = 0.0420]

1593/0/115

1.029

R1=0.0277, wR> = 0.0453
R1=10.0353, wR2 = 0.0479
0.54/-0.54
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 18 Crystal data and structure refinement for [8-Ag-8]OTf

[8-Ag-8]O0Tf
C11HsAgBrsF3N2O3S
730.75

170.0(1)

monoclinic

C2/c

30.730(6)
8.8017(18)
14.882(3)

90

111.52(3)

90

3744.5(15)

8

2.592

9.767

2720.0

0.18 x0.14 x 0.14
MoKa (A =0.71073)
4.842 to 50.49

-34<h<36,-10<k<10,-17<1<16

15262

3381 [Rint = 0.0659, Rsigma = 0.0658]

3381/0/226

1.074

R1=10.0373, wR> = 0.0580
R1=0.0669, wR2 = 0.0660
0.65/-0.58
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Appendix 19 Crystal data and structure refinement for [9-Ag-9]PFs

Identification code [9-Ag-9]PF¢
Empirical formula CioHsAgFslaN2P
Formula weight 914.61
Temperature/K 120.01(10)
Crystal system triclinic
Space group P-1

a/A 8.4754(3)
b/A 8.9115(3)
c/A 13.8263(4)
a/° 84.557(3)
p/e 88.153(3)
v/° 63.176(4)
Volume/A3 927.64(6)

Z 2

Pealcg/cm’ 3.274
pw/mm’! 62.334
F(000) 816.0

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges

0.224 x 0.159 x 0.095
CuKa (A = 1.54184)

6.422 to 144.22
7<h<10,-10<k<10,-17<1<17

Reflections collected 10565
Independent reflections 3627 [Rint = 0.0493, Rgigma = 0.0431]
Data/restraints/parameters 3627/0/217

Goodness-of-fit on F? 1.132

Final R indexes [[>=2c (I)] R;=0.0389, wR, =0.1013

Final R indexes [all data] Ri1=0.0401, wR, =0.1022

Largest diff. peak/hole / e A 1.56/-2.05
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 20 Crystal data and structure refinement for [9-Ag-9]OTf

[9-Ag-9]0Tf
C11HeAgF314N203S
918.71

170.0(1)
monoclinic

P2i/c

14.374(3)
9.0631(18)
15.175(3)

90

95.88(3)

90

1966.6(7)

4

3.103

7.451

1648.0

0.08 x 0.07 x 0.07
MoKa (A =0.71073)
2.848 to 50.5

-17<h<17,-10<k<10,-17<1<18

14720

3525 [Rint = 0.0461, Reigma = 0.0477]

3525/0/220

1.073

R1=10.0429, wR> = 0.1059
R1=0.0582, wR2=0.1210
1.92/-1.91

132



Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 21 Crystal data and structure refinement for [10-Ag-10]OTf

[10-Ag-10]OTf
CisHisAgF3iN20Os3S
471.24

170.0(1)

triclinic

P-1

8.1333(16)
8.3549(17)
15.279(3)

94.85(3)

100.01(3)

117.16(3)

893.7(4)

2

1.751

1.291

472.0

0.25 x0.25 x0.25
MoKa (A =0.71073)
5.512 to 50.496
-9<h<9,-9<k<10,-18<I<18
6585

3207 [Rint = 0.0200, Reigma = 0.0295]

3207/0/230

1.038

Ri=0.0222, wR,> = 0.0527
Ri1=0.0243, wR, =0.0537
0.52/-0.33
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 22 Crystal data and structure refinement for [10-Ag-10]PFs

[10-Ag-10]PFs
CisH1sAgFesNoP
467.14
120.00(10)
monoclinic

C2/c

8.1428(6)
15.1493(10)
13.7391(10)

90

93.345(7)

90

1691.9(2)

4

1.834

1.345

928.0

0.14 x 0.14 x 0.1
MoKa (A =0.71073)
5.378 to 52.736

-9<h<10,-17<k<18,-9<1<17

3281

1730 [Rint = 0.0308, Ryjgma = 0.0562]

1730/33/130

1.056

R1=10.0358, wR> = 0.0684
R1=0.0430, wR2 = 0.0728
0.64/-0.35
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 23 Crystal data and structure refinement for [10-Br-10]Br3

[10-Br-10]Br3
Ci4H1sBraN»
533.94

170.0(1)

triclinic

P-1

7.3623(15)
7.9949(16)
8.6847(17)
63.11(3)

78.83(3)

84.53(3)
447.27(19)

1

1.982

8.990

256.0

0.28 x 0.26 x 0.26
MoKa (A =0.71073)
5.714 to 50.482

8§<h<8,-9<k<9,-10<1<10

3367

1587 [Rint = 0.0396, Rsigma = 0.0595]

1587/0/96

1.054

R1=10.0368, wR> = 0.0844
R1=0.0469, wR2 = 0.0890
0.75/-0.75
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 24 Crystal data and structure refinement for [10-Br-10]OTf

[10-Br-10]OTf
CisHisBrF3;N203S
443.28

170.0(1)

triclinic

P-1

8.0390(16)
8.2996(17)
14.913(3)
80.32(3)

78.89(3)

67.31(3)

895.9(4)

2

1.643

2.457

448.0

0.15x0.14 x 0.08
MoKa (A =0.71073)
5.348 to 50.494
-9<h<9,-9<k<9,-17<1<17
20693

3218 [Rint = 0.0498, Rsigma = 0.0352]

3218/0/231

1.117

R1=0.0971, wR>=0.2614
R1=10.1024, wR2 = 0.2645
3.12/-1.0
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 25 Crystal data and structure refinement for [10-Br-10]PFs

[10-Br-10]PFs
C14Hi1sBrFgN,P
439.18

120.00(10)

triclinic

P-1

7.1836(6)

7.3568(5)

8.6550(8)

87.286(7)

87.205(7)

69.411(7)

427.45(6)

1

1.706

2.557

220.0

0.075 x 0.06 x 0.027
MoKa (A =0.71073)
5.918 to 50.7
-8<h<8,-8<k<8§,-10<1<10
5394

1491 [Rint = 0.0576, Rsigma = 0.1050]

1491/0/114

1.031

R;=0.0503, wR, =0.1107
R;1=0.0710, wR2=0.1142
1.56/-0.48
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 26 Crystal data and structure refinement for [10-1-10]PF¢

[10-1-10]PFs
Ci4H1sF6IN2P
486.17

170.0(1)

triclinic

P-1

7.1617(14)
7.6240(15)
8.6720(17)
87.98(3)
88.62(3)
69.04(3)
441.86(15)

1

1.827

1.960

238.0

0.1 x 0.08 x 0.07
MoKa (A =0.71073)
4.7 t0 50.5

-8<h<8§,-8<k<9,-10<1<9

3856

1603 [Rint = 0.0547, Ryjgma = 0.0744]

1603/0/114

1.443

R1=0.1088, wR> = 0.3147
R1=0.1128, wR2=0.3196
7.85/-1.19
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 27 Crystal data and structure refinement for [11-Ag-11]PFs

[11-Ag-11]PFs
CeH10AgFsNeP
419.04

170.0

trigonal

P-31c
10.71600(10)
10.71600(10)
24.0554(5)

90

90

120

2392.26(7)

6

1.745

1.423

1224.0

0.44 x0.26 x 0.18
MoKa (A =0.71073)
4.39t0 57.39

-14<h<14,-12<k<11,-32<1<27

7316

2079 [Rint = 0.0287, Rsigma = 0.0217]

2079/63/117

1.167

R1=10.0550, wR> =0.1401
R1=0.0612, wR2 = 0.1429
1.01/-0.56

139



Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

Pealeg/cm’

pw/mm’!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

Appendix 28 Crystal data and structure refinement for [11-1-11]PF¢

[11-1-11]PFs
CsH1oFsIN6P

438.07

119.99(10)
monoclinic

P2i/n

7.2322(3)

9.9548(3)
10.2131(4)

90

107.338(4)

90

701.88(5)

2

2.073

2.462

420.0

0.235 x 0.158 x 0.097
MoKa (A =0.71073)
5.848 to 58.094

-9<h<9,-12<k<13,-13<1<13

7442

1709 [Rint = 0.0503, Rsigma = 0.0396]

1709/0/95

1.083

Ri=0.0261, wR> =0.0585
Ri1=0.0375, wR2 = 0.0675
0.88/-0.52
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 29 Crystal data and structure refinement for [15-Ag-15]PFs

[15-Ag-15]PFs
C3sHao AgFsNoP
731.53
119.98(10)
triclinic

P-1

9.2658(6)
9.5465(6)
10.1388(8)
115.810(7)
90.926(6)
96.772(6)
799.45(11)

1

1.519

0.742

376.0

0.34 x 0.19 x 0.11
MoKa (A =0.71073)
4.44 t0 56.562

-12<h<9,-12<k<12,-13<1<13

6013

3603 [Rint = 0.0212, Reigma = 0.0440]

3603/0/205

1.042

R1=10.0295, wR> = 0.0589
R1=10.0318, wR2 = 0.0607
0.36/-0.46
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 30 Crystal data and structure refinement for [17-Ag-17]PFs

[17-Ag-17]PFs
Cao6Ha2 AgFeN2P
635.45

120.01(10)
tetragonal

P4/ncc

17.7545(2)
17.7545(2)
18.5167(5)

90

90

90

5836.9(2)

8

1.446

0.801

2624.0

0.364 x 0.32 x 0.16
MoKa (A =0.71073)
4.4 t0 50.692

-21<h<21,-21<k<19,-22<1<22

44226

2686 [Rint = 0.0578, Rsigma = 0.0195]

2686/18/198

1.121

R1=10.0870, wR> = 0.2032
R1=0.1105, wR2 = 0.2227
1.11/-1.32
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 31 Crystal data and structure refinement for [18-Ag-18]PFs

[18-Ag-18]PFs
CosHi6AgFsN4P
613.25

170

monoclinic

C2/c
20.6911(16)
15.0078(12)
7.2126(6)

90

102.898(3)

90

2183.2(3)

4

1.866

1.071

1216.0

0.48 x 0.1 x 0.06
MoKa (A =0.71073)
3.382 to0 56.66

-27<h<27,-19<k<18,-9<1<9

4712

2649 [Rint = 0.0530, Rsigma = 0.0539]

2649/30/166

1.939

R1=0.1684, wR> = 0.4268
R1=10.1825, wR2 = 0.4400
13.98/-2.10

143



Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pr°

V/°

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges
Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A

Appendix 32 Crystal data and structure refinement for [Ag3194][PFs]3- C4H3O

[Ag3194][PFe]s- CsHsO
CeaHasAgsClaF1sN120P3
1901.46

119.9(3)

triclinic

P-1

13.6327(5)

15.2309(8)

20.7777(12)

96.006(4)

101.521(4)

116.542(4)

3688.1(3)

2

1.712

1.094

1880.0

0.492 x 0.441 x 0.263
MoKa (A =0.71073)

3.476 to 58.03
-17<h<18,-19<k<19,-25<1<26
30745

16711 [Rine = 0.0560, Rsigma = 0.1020]
16711/108/946

1.053

R1=0.0970, wR2 = 0.2290
R1=0.1217, wR, = 0.2448
3.39/-3.00
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 33 Crystal data and structure refinement for [Ag3;194][PFs]3

[Ag3194][PFs]s
CeoHa0Ag3ClaF 18N 12P3
1829.36

170.0

monoclinic

C2/c

16.4837(4)
26.2930(4)
15.5078(3)

90

90.2500(10)

90

6721.1(2)

4

1.808

1.196

3600.0

0.42 x0.19 x0.18
MoKa (A =0.71073)
2.916 to 57.806

-22<h<21,-35<k<34,-20<1<17

26707

8744 [Rini = 0.0456, Reigma = 0.0558]

8744/0/452

1.059

R1=0.0454, wR>=0.1015
R1=0.0661, wR2 =0.1145
0.47/-0.64
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 34 Crystal data and structure refinement for [Ag>19,][OTt],- CH2Cl>

[Ag219:][OTf]>- CH2Cl
C33H22Ag2ClaF6N6O6S2
1134.22

170

monoclinic

Cc

17.9522(5)

14.8705(3)

16.2318(4)

90

116.4100(10)

90

3880.97(17)

4

1.941

1.475

2232.0

0.44 x 0.44 x 0.24

MoKa (A = 0.71073)
3.73t0 61.01
-25<h<25,-21<k<21,-23<1<23
10734

10726 [Rint = 0.0151, Rsigma = 0.0347]
10726/2/533

1.086

R;=0.0382, wR, =0.0787
R1=0.0426, wR> =0.0816
0.36/-0.68
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 35 Crystal data and structure refinement for [Ag3;194][PFs]3- CH2Cl

[Ag3194][PF¢]3- CH2Cl2
Ce2HaaAgsClsF1sN12P3
1999.21

170

monoclinic

P2/n

10.6061(2)

14.8025(3)

23.8230(3)

90

91.7890(10)

90

3738.31(11)

2

1.776

1.222

1968.0

0.42 x 0.14 x 0.06

MoKa (1 = 0.71073)
2.752 to 54.206
-13<h<13,-14<k<18,-30<1<30
14631

8236 [Rint = 0.0398, Rsigma = 0.0496]
8236/81/479

1.065

R1=0.0660, wR> =0.1848
R1=0.0911, wR, =0.2069
1.22/-0.85
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pre

v/°

Volume/A3

V4

Pealcg/cm’

w/mm!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Flack parameter

Appendix 36 Crystal data and structure refinement for [19AgI].[I2]n

[19Ag]]n[L2]n
Ci5H10AgClIoN3
1517.68

170

monoclinic

Pn

15.6707(18)
4.3605(3)
22.643(3)

90

107.653(4)

90

1474.4(3)

2

3.419

10.207

1324.0

0.32 x0.18 x 0.04
MoKa (A =0.71073)
3.758 to 57.698

-21<h<18,-5<k<5,-25<1<30

10922

5351 [Rint = 0.0446, Rsigma = 0.0707]

5351/149/263

1.113

R = 0.0630, wRz = 0.1506
R; = 0.0734, wR, = 0.1566
4.09/-2.05

-0.01(14)
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Appendix 37 Crystal data and structure refinement for [19H;][Br.Br3]

Identification code [19H:][Br.Br;]

Empirical formula Ci15sH12Br4CIN;3

Formula weight 589.37

Temperature/K 170

Crystal system monoclinic

Space group P2i/c

a/A 6.5747(3)

b/A 21.3827(8)

c/A 13.6190(7)

a/° 90

pB/e 103.581(2)

v/° 90

Volume/A3 1861.09(15)

Z 4

Pealeg/cm’ 2.103

p/mm’! 8.794

F(000) 1120.0

Crystal size/mm? 0.26 x 0.06 x 0.04
Radiation MoKa (A =0.71073)

20 range for data collection/° 3.618 to 52.744

Index ranges -8<h<8, -26<k<26,-17<1<17
Reflections collected 7211

Independent reflections 3803 [Rint = 0.0381, Rsigma = 0.0472]
Data/restraints/parameters 3803/0/208
Goodness-of-fit on F? 1.086

Final R indexes [[>=2c (I)] R1=0.0433, wR, =0.0956
Final R indexes [all data] R1=0.0668, wR> =0.1059

Largest diff. peak/hole / e A~ 0.68/-0.57
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 38 Crystal data and structure refinement for [19H>]|[Br.PFs]

[19H:][Br.PF¢]
Ci5H12BrCIF¢N3P

494.61

120.01(10)

monoclinic

P2i/n

9.5935(2)

17.0871(4)

10.8529(3)

90

94.366(2)

90

1773.90(7)

4

1.852

2.624

976.0

0.131 x0.117 x 0.089
MoKa (A =0.71073)
4.456 to 58.052
-12<h<12,-23<k<22,-14<1< 14
12680

4187 [Rint = 0.0420, Rsigma = 0.0572]
4187/0/250

1.056

R1=0.0395, wR, = 0.0747
R1=0.0652, wR> = 0.0844
0.48/-0.42
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 39 Crystal data and structure refinement for [Ag19]OTf

[Ag19]OTf
C34H23Ag2Cl2FsN706S2
1090.35

170

monoclinic

P2i/c

16.0598(5)
15.7630(3)
16.0505(5)

90

110.1650(10)

90

3814.13(18)

4

1.899

1.362

2152.0

0.5 x0.44 x 0.32
MoKa (A =0.71073)
2.702 to 61.698

21<h<23,-22<k<22,-22<1<23

42411

11895 [Rint = 0.0476, Rsigma = 0.0563]

11895/0/532

1.040

R1=10.0442, wR> = 0.0799
R1=0.0667, wR2 = 0.0866
0.47/-0.63
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Appendix 40 Crystal data and structure refinement for [Agl19]NO;

[Agl19]NOs3
Ci5H10AgCIN4O3
437.59

120.01(10)
monoclinic

P2i/n

7.5357(3)
18.3027(9)
10.5527(4)

90

98.896(4)

90

1437.96(11)

4

2.021

13.185

864.0

0.291 x 0.182 x 0.022
CuKoa (A =1.54184)
9.764 to 144.258

-9<h<8§,-22<k<20,-7<1<12

5236

2808 [Rint = 0.0331, Rsigma = 0.0415]

2808/0/217

1.053

R1=10.0361, wR> = 0.0942
R1=0.0406, wR2 = 0.1004
0.81/-1.18
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Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/°

pr°

v/

Volume/A3

Z

Pealeg/cm’

p/mm’!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Flack parameter

Appendix 41 Crystal data and structure refinement for [Ags4194]CI1O4

[Ag4194]C104
CeoHa0AgaClsN12016
1900.12

120.01(10)

monoclinic

Cc

25.0026(5)

25.2085(4)

11.4166(3)

90

97.311(2)

90

7137.1(3)

4

1.768

12.054

3744.0

0.19 x 0.039 x 0.021
CuKa () = 1.54184)

4.998 to 144.252
-30<h<30,-21<k<31,-14<1< 14
28909

13553 [Rint = 0.0524, Rsigma = 0.0687]
13553/20/901

1.010

R1=0.0453, wR>=0.1173
R;=0.0528, wR2, =0.1242
0.82/-1.12

-0.034(11)
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