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Synthesis of novel first-row transition metal-N-heterocyclic carbene complexes
and
Synthesis of N-heterocyclic carbene-functionalized linkers for metal organic frameworks

By Jacob Geoffrey Hoare

Abstract

Although N-heterocyclic carbene ligands are highly versatile and powerful ligands in transition
metal catalysis, complexes of N-heterocyclic carbenes with 3d metals are uncommon and
frequently unstable. In order to explore the reactivity of some 3d metal-N-heterocyclic carbene
complexes, two tridentate NCN pincer ligands were prepared:  1,3-bis(2-
pyridylmethyl)imidazolium chloride and 1,3-bis(2-pyridylmethyl)benzimidazolium chloride.
These ligands were coordinated to copper(ll) and nickel(ll) salts in air to yield a variety of 3d
metal-N-heterocyclic carbene complexes. The counterion to the metal cation appears to have a
significant influence on the coordination mode of the ligands and geometry around the metal
centres. Synthesis of the novel metal complexes, as well as possible applications, are described
herein.

Carbon dioxide is the primary contributor to climate change. As such, materials that can capture
and fix carbon dioxide are important tools to limit climate change. One highly effective class of
material for gas adsorption is metal-organic frameworks. In an effort to prepare a metal-organic
framework with superior carbon dioxide capture and fixation capabilities, a series of linkers with
N-heterocyclic carbene moieties were designed, of which two were successfully prepared. Thus
far, efforts to prepare a metal-organic framework based on either of the two linkers have been
unsuccessful.
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1. Synthesis of novel first-row transition metal-N-heterocyclic
carbene complexes

1.1 Introduction
1.1.1 Transition metals in catalysis

Transition metal catalysis is an essential component of the synthesis of a variety of
economically and societally important materials.> In particular, second- and third-row transition
metals have been used to catalyse a wide variety of extremely powerful reactions, perhaps most
notably palladium-catalysed carbon-carbon cross-coupling reactions.?  Although second- and
third-row transition metals catalyse a wide variety of very useful reactions, they are typically
expensive, toxic, and low abundance.®> As a result, extensive work has been directed toward
finding alternatives. For the most part, organocatalysis does not share the limitations of transition
metal catalysis and is therefore one alternative. However, organocatalysts are often less efficient
and require higher catalyst loading than transition metal catalysts; thus they are often not
economically viable.! The other option is catalysis with first-row transition metals, which provide
the benefits of transition metal catalysis but are more abundant and not as toxic as heavier transition
metals.® As such, significant work has also been directed to finding suitable complexes of first-
row transition metals to catalyse reactions that have historically been catalysed by heavier metals.®
One major challenge in adapting first-row transition metals to catalysing these reactions is that
most first-row transition metals have fewer readily available oxidation states available, and thus
tend to react by one-electron pathways; heavier transition metals with more accessible oxidation
states tend to react by two-electron processes.>* Nonetheless, a variety of first-row transition metal

catalysts have been designed for reactions typically catalysed by 2" and 3"-row transition metals.



1.1.2 N-heterocyclic carbenes
1.1.2.1 Structure and synthesis of N-heterocyclic carbenes

N-heterocyclic carbenes (NHCs) are an unusually stable class of carbenes in which the carbenic
carbon is stabilized by the presence of adjacent nitrogen atoms (Figure 1).° The carbenic carbon
is thought to exist in a singlet state with a vacant P orbital and a lone pair of electrons. The adjacent
nitrogen atoms stabilise the carbene by mesomerically donating electron density into the vacant
orbital and inductively withdrawing electron density from the lone pair of electrons. These
stabilizing effects mean that NHCs are a rare example of a class of carbenes that can sometimes
be isolated, but sterically hindered substituents are often necessary for an NHC to be isolable, as
they help to shield the NHC.® For example, Arduengo et al. isolated the first example of a stable

carbene from the 1,3-bis(1-adamantyl)imidazolium cation in 1991 (Figure 2).°

R N R
X SNFOSNT

N R NI

Figure 1: The general structure of an NHC, with arrows indicating both of the stabilizing
effects from the adjacent nitrogen atoms (left) and the resonance hybrid of an NHC (right).
R is typically a large, sterically hindered moiety, but substituents as small as methyl groups

have also been used in NHC-metal complexes.’



Figure 2: The structure of Arduengo’s carbene.® Note the bulky adamantyl groups that

shield the carbene.

NHCs are typically prepared from deprotonation of the corresponding azolium cation, as shown
in Figure 3.2 The most common azolium cations used in the preparation of NHCs are imidazolium
and imidazolinium cations, but a wide range of cations have been explored.®2 The R groups of
NHCs can also be varied, allowing the sterics and electronics of the molecule to be tuned; this, in
turn, controls the reactivity.2° For example, an NHC with smaller R groups will typically be more

reactive, as the carbene is more accessible.

)H:*:Base

C + .o

N\ -H A\

SN-R =55 R-Ny"N-R
\—/

R-N
\—/

Figure 3: The generation of an imidazolylidene NHC by deprotonation of an imidazolium

cation.

1.1.2.2 Synthesis and catalytic activity of transition metal N-heterocyclic carbene complexes

The first example of an NHC-transition metal complex was a mercury(l1) complex prepared in
1968, yet NHCs were still considered too unstable to see widespread use.’® NHCs only began
garnering attention as potential ligands after Arduengo et al. isolated a free carbene in 1991,° and
even more so after Herrmann et al. demonstrated that a bis(NHC)palladium(Il) complex was a

very effective catalyst for the Heck reaction.” Since then, NHCs have gradually supplanted
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phosphines as the ligands of choice in catalysis with noble metal complexes. This is unsurprising
as both NHCs and phosphines are strongly c-donating and weakly n-accepting ligands and both
are soft bases.2'! NHCs are able to undergo backbonding to the P orbital of the carbenic carbon,
while phosphines undergo backbonding to P-C antibonding orbitals (Figure 4).81% However,
NHCs are even more strongly electron-donating than phosphines. This was demonstrated by
Nolan et al. by coordination of a series of NHCs and phosphines to tetracarbonylnickel(0) and

observation of the carbonyl stretch.!®

\
N \ 0
E/N /:_Pg}@o

\

N \
EN%E@ N

/

Figure 4: Bonding and backbonding interactions in a transition metal-NHC complex (left)

and a transition metal-phosphine complex (right).224

Because NHCs are so strongly electron-donating, they are useful in catalysis as they help to
stabilize high-energy intermediates that sometimes form in catalytic cycles and can reduce
decomposition of the catalyst.>* NHCs can also allow the isolation of highly electron-deficient

species — an air-stable copper(l11) complex, for example.*®

1.1.2.3 N-heterocyclic carbene-first-row transition metal complexes
Catalysts are of immense industrial and economic importance.®> The majority of catalysts are
based on noble metals which are low in abundance and expensive.® Hence, significant work has

4



been directed to finding first-row transition metal complexes that can catalyse reactions that have
previously only been performed using noble metal catalysts, as first-row transition metals are

generally cheaper and more abundant.®*7:18

NHCs are soft bases so they typically do not coordinate well to hard or intermediate first-row
transition metals due to the unfavourable hard-soft acid-base pairing. There are a few exceptions
in which a monodentate NHC ligand has been coordinated to a first-row transition metal — notably
nickel(0)* and copper(1)**2! — but these are softer than most other first-row transition metals.
Because of the widespread use of NHCs in catalysis with noble metals, significant work as been
directed to preparing NHC complexes with first-row transition metals in order to enhance their
catalytic abilities. Two main strategies have been developed to prepare stable NHC-first-row
transition metal complexes. The first strategy is to incorporate a hard base into the NHC-
containing ligand, as shown in Figure 5; the hard base acts as a tether, keeping the NHC close to
the metal centre.?>2> Anionic tethers — such as aryloxides — are typically used with early transition
metals,?>232627 while neutral tethers such as pyridines are often used with late transition
metals.?4?>28-32  The second strategy involves taking advantage of the chelate effect by
incorporating multiple NHCs into a single ligand (Figure 5).1*3% Often both strategies are used
together. Using a tether is by its nature taking advantage of the chelate effect, and many ligands

incorporate multiple NHCs and hard bases,1”2432



. N/
AN /

)\
\—/ AN

L <)

tBu tBu
N N
B \\N/\NJ
N
NN \—/
tBu \—/ tBu

Figure 5: The two main strategies of ligand design for NHC complexes of first-row

transition metals; NHC ligands with harder base tethers (left) and a chelating multi-NHC

(right).15'24'27

At this point the majority of work with NHC-first-row transition metal complexes is simply
exploring the synthesis of these complexes. The cases in which catalytic activity of the prepared
complexes has been explored have, for the most part, been promising.t”?"2832 This is likely due
to the strong electron donation from NHCs, which helps to stabilize high oxidation state
intermediates and allow first-row transition metals to more readily undergo 2-electron transfer
processes.3* For example, a copper(ll) complex with a tetradentate ligand containing two NHCs
and two pyridines proved to be an effective catalyst for the Chan-Evans-Lam reaction.®? This
reaction is typically catalysed by copper(ll) species, but can sometimes require high catalyst
loadings; the prepared catalyst was effective at lower loadings.®? Zhou et al. found that a bimetallic
nickel(11)-NHC complex was an effective catalyst for Suzuki-Miyaura and Kumada-Corriu cross-
coupling reactions, both of which are normally catalysed by palladium complexes.r” This

highlights the potential use of NHCs in first-row transition metal catalysis.

1.1.3 Target ligands and research questions
The desired ligands for this work are both pincer ligands, with two pendant pyridine arms

attached to a central imidazolium cation that can give rise to an NHC (Figure 6).



PN
NN \
(Y ey @cc?/
Y Cl
1 2

Figure 6: The structures of the two target pincer ligands.

Because each of these ligands has two pyridines to act as tethers, they are expected to be able
to complex to some first-row transition metals, mainly copper and nickel.243%3135 |n particular,
some previous work with ligand 1 demonstrated that it reacts with copper(I1) hexafluorosilicate to
generate an air and moisture-stable copper(11)-NHC complex (Figure 7),% and previous work with

2 found that it could coordinate to nickel(ll) in a 2:1 ratio of ligand to metal

— 2+

F 7\
P N=
F £ F N l = |

- . S
Ao |-
N/,\’CU,‘O/ N /L
\’N/\T H B NN

/OH NN/

S

Figure 7: The structure of the copper(11)-NHC complex prepared by O’Hearn et al. (left)®®
and the nickel(11)-NHC complex prepared by Luo et al. (right).%

However, the ligands may not always saturate the metal centre, allowing other ligands to bind
and potentially allowing the complexes to be catalytically active. Thus, the coordination of these

ligands to first-row transition metals is worthy of further exploration. Specifically, it was expected



that the anion associated with the metal cation could affect the structure of the metal complexes.
To this end, a series of eight reactions were planned, fulfilling every combination of imidazolium
or benzimidazolium-based pincer ligand, nickel(Il) or copper(ll) cation, and chloride or acetate

anion.

1.2 Results and discussion

1.2.1 Synthesis and characterisation of the ligands

Both pincer ligands were prepared based on literature procedures that add both pyridine arms
in a single step, with slight modifications to the workup of 1,3-bis(2-pyridylmethyl)imidazolium
chloride (1) and the synthesis and workup of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride

(2).9,35—37

1 was synthesized by heating an ethanolic solution at reflux of imidazole, two equivalents of 2-
(chloromethyl)pyridine hydrochloride, and excess sodium carbonate for 72 hours (Scheme 1). The
product was worked up by first removing sodium carbonate, bicarbonate, and chloride by gravity

filtration, followed by precipitation of the product with diethyl ether to afford 1 in 70% yield.

| N A N82C03 PAN
2 A_NHCI 4+ HN' SN —— N/ N@N
\—/ EtoH =/ O
cl Reflux 7
1

Scheme 1: The reaction conditions used to prepare 1.

After the reaction, nuclear magnetic resonance (NMR) and infrared (IR) spectra of 1 were
recorded and compared to literature reports.®>3"2° The *H NMR spectrum of 1 is shown in Figure

8.
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Figure 8: The *H NMR spectrum of 1 collected in DMSO-d6, with all peak assignments

shown. Note that the peak near 3.5 is residual water.

There are several notable features in the *H NMR spectrum of 1. The first is the singlet at 9.63
ppm. This peak is due to the C2 proton (proton b) of the imidazolium ring, and is highly diagnostic
of imidazolium cations; very few other functional groups give sharp peaks in this region of the *H
NMR spectrum. The chemical shift of this peak also correlates to the acidity, or lack of electron
density, of that proton. The next feature of note is the multiplicity of the peaks corresponding to
the hydrogen atoms of the 2-substituted pyridine rings; these split into two doublets and two
doublets of doublets. Although one peak overlaps with the C4/C5 protons of the imidazolium ring
(proton c) the splitting pattern is still recognizable. Finally, the benzylic protons (peak a) appear
as a singlet in an otherwise empty region of the spectrum, and integrate to 4 relative to the C2
proton; this peak — and the region around it — can indicate the presence of impurities in the sample,
as the major by-product of this reaction also has benzylic protons that appear in the same region

of the spectrum or overlap the benzylic proton peak in the product. Thus, the ratio of the C2 proton



peak to the benzylic proton peak — as well as the presence or absence of other peaks near the

benzylic proton peak — is a good measure of the purity of the sample.

2 was prepared slightly differently. It was found that using an exact 2:1 ratio of benzimidazole
to 2-(chloromethyl)pyridine hydrochloride led to the formation of an impurity, likely poly(2-
methylpyridinium chloride), which could not be readily separated from the desired product.
However, it was found that reducing the amount of 2-(chloromethyl)pyridine hydrochloride
suppressed formation of this impurity, at the expense of yield. The conditions shown in Scheme

2 were found to be optimal.

P
\ 7N
1.8 N HCI + \ Yy’
EtOH ONF
2

cl Reflux Cl

Scheme 2: The optimal conditions for the preparation of 2. The reaction was heated to reflux

for 5 days.

After the reaction was complete, sodium carbonate, bicarbonate, and chloride were removed by
gravity filtration and the solvent was removed by rotary evaporation. The resulting brown oil was
taken up in dichloromethane and filtered again to remove any residual sodium carbonate,
bicarbonate, and chloride. 2 was recrystallized by vapour diffusion of diethyl ether into the
dichloromethane solution in typical yields of 30-40%. It could also be recrystallized by vapour
diffusion of diethyl ether into a methanolic solution in lower yield; the asymmetric unit of 2 is
shown in Figure 9. Interestingly, when the brown oil obtained from rotary evaporation was
triturated with THF the product precipitated as a light brown solid. Unfortunately, this workup

could not be further developed due to time constraints.
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Figure 9: The asymmetric unit of 2. R =0.0715. Further structural details are provided in

Appendix B.

Interestingly, the compound crystallised as a hydrate. This is likely because it was recrystallised
from wet solvents in humid conditions. It could be dehydrated by heating, vacuum, or azeotropic
distillation in toluene. There is also literature precedent for metathesizing the cation of 2 to a
hexafluorophosphate, which is anticipated to make the compound more hydrophobic.®® This
ligand crystallizes in molecular pairs, as shown in Figure 10. The benzimidazolium cores undergo
n-stacking with a distance between the planes of the two benzimidazolium cores of approximately
3.5A. The two benzimidazolium cores also lie antiparallel to each other; the imidazolium end of
one lies above the phenyl end of the other. This packing arrangement is a common feature in many

of the transition metal complexes of 2 that were isolated in this work.

11
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Figure 10: Two cation of 2, showing the n-stacking between ligands. Anions, solvent
molecules, and hydrogen atoms have been omitted for clarity.

The NMR and IR spectra of 2 were collected and are in good agreement with literature data.®=¢
The *H NMR spectrum is shown in Figure 11. This NMR spectrum shares many of the same
features as the *H NMR spectrum of 1, most notably the benzylic proton peak (proton a) and the
C2 proton peak (peak b). The C2 proton peak is 0.8 ppm further downfield in 2 than in 1, indicating
that it is less electron-dense and may be more acidic. The 2-substituted pyridine splitting pattern
is also more apparent in this compound than in 1. Protons ¢ and d were assigned using *H-C

HMBC and H-'H COSY NMR spectra.

12
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Figure 11: The *H NMR spectrum of 2 collected in DMSO-d6, with all peak assignments

shown. Note that the peak near 3.5 ppm is residual water.

1.2.2 Metal complexes of the pincer ligands (1) and (2)
1.2.2.1 Reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride and copper(ll) acetate
monohydrate

The reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride with one equivalent of copper(I1)
acetate monohydrate performed in methanol with no effort to exclude air or moisture affords
several different isolable species (Scheme 3). These species can be recrystallized from a single
reaction at different times using a variety of conditions; this suggests that the reaction may progress

through several isolable intermediates before arriving at the trimeric copper(l) cluster 5.

13
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Scheme 3: The species isolated from the reaction of 1,3-bis(2-pyridylmethyl)imidazolium
chloride with copper(ll) acetate monohydrate, in the order that they are isolated. Anions and

solvent molecules have been omitted.

3 was isolated as a dark blue crystalline solid by vapour diffusion of diethyl ether into an aliquot

of the reaction mixture after 24 hours. The asymmetric unit is shown in Figure 12.

c o
H:
N:
Cu @
Cl:
0@

Figure 12: The asymmetric unit of 3. R =0.0451. Further structural details are provided in

Appendix B.

The Cu-Cl bond length in 3 is 2.605A. This is longer than is typical for a copper-chlorine bond,
indicating a Jahn-Teller distortion; this effect is characterized by a lengthening or shortening of
the axial bonds in a transition metal complex, and has been observed in other complexes of

copper(ll) with a tridentate pincer ligand and axial chloride ligand.** The Cu-O distances to the

14



two oxygen atoms of the acetate anion are different; the oxygen atoms aligned to the equatorial
position is 1.975A, while the other Cu-O distance is 2.728A. This may indicate that the acetate
anion is coordinating as a monodentate ligand, and the copper(Il) centre is in a square pyramidal

geometry.

Copper(ll) has an odd number of electrons and is expected to be paramagnetic. The *H NMR
spectrum of 3 shows the broad, poorly-resolved peaks that one would expect of a paramagnetic
complex (Figure 13). Notably, there is no visible peak in the range where C2 protons of
imidazolium cations typically appear; this suggests that the complex exists as a NHC in solution

as well as the solid state.
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Figure 13: The *H NMR spectrum of 3 in CDs0D, showing the broad, poorly-defined peaks
expected of a paramagnetic complex. Note that the peak near 4.9 ppm is water.

Given that 3 has two labile ligands — the chloride and acetate anions — it could be applicable as
a precatalyst. Copper(I1)-NHC complexes have been used as catalysts in Chan-Evans-Lam

couplings® and Ullmann-type etherifications.*> Notably, both reactions are thought to involve a

15



formal copper(I11) intermediate, which is likely stabilized by the strongly electron-donating NHC

ligand.

The coordination mode of the ligand is the same as in the species prepared by O’Hearn and
Singer (Figure 7).%5 This is unsurprising, as the procedure used to prepare it is similar. However,
the copper(Il) NHC complex isolated by O’Hearn and Singer was not observed to rearrange to

species analogous to 4 and 5.

Complex 4 was recrystallized by vapour diffusion of diethyl ether into an aliquot of the reaction
mixture after one week (Figure 14). Although a crystal structure was determined, the amount of
material isolated was insufficient for full characterization to be completed. Complex 4 is similar
to some previously prepared complexes of copper(ll) with tridentate pincer ligands and bridging
chlorides.**® The anion in 4 is a dichlorocuprate(l). At this stage some copper has been reduced
from the +2 oxidation state to +1. The source of electrons for this reduction has not been
determined; it is possible that methanol is the reducing agent. Although this complex could be

catalytically active in similar processes to 3, it seems to be less stable.

16
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Figure 14: The cation of 4. Hydrogens have been omitted for clarity. Selected bond lengths

and angles are shown. R =0.0338. Further structural details are provided in Appendix B.

Like 3, the two copper(ll) centres in 4 have a square pyramidal geometry. The axial Cu-Cl
bond length is much longer than the equatorial Cu-Cl bond length (2.658A and 2.271A
respectively). This is indicative of a Jahn-Teller distortion. The Cu-CI-Cu bond angle of 140.28°
is similar to that of the complexes prepared by Nielsen et al. using a bis(2-pyridylmethyl)amine
ligand, as opposed to the work of Roy et al. which found bond angles of 180°.443 Notably, the
ligand used by Roy et al. was entirely planar, but the ligand used by Nielsen et al. was not; it had
sp3-hybridized carbons that introduced a slight torsion to the structure, similar to 1 (Figure 15).4%%3
The other structures observed by Roy et al. and Nielsen et al. were not observed in this work, nor

did they describe complexes analogous to 5.
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Figure 15: The ligands used by Roy et al. (left) and Nielsen et al. (right).*143

5 was recrystallized by vapour diffusion of diethyl ether into methanol after approximately one
month (Figure 16). Like 4, the amount of material isolated was not sufficient for characterization
beyond X-ray crystallography. The anions observed by X-ray crystallography appear to be
dichlorocuprate(l) and trichlorocuprate(l); the dichlorocuprate(l) anion was also observed by ESI-
MS, but the other counterion has not been adequately identified. Although such clusters are
known, they are typically prepared by treating the NHC precursor imidazolium cation with
copper(l) oxide.*® This synthesis seems to be the first example of the preparation of this cation via

a copper(I1)-NHC complex. The reducing agent for this reduction has not been determined.

Previous work with this cationic cluster found that it is a good NHC transfer reagent for the
synthesis of other NHC complexes, and is intensely luminescent. 444445  However, its catalytic

abilities appear not to have been evaluated.

18
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Figure 16: The asymmetric unit of 5. Hydrogens, anions, and solvent molecules have been
omitted for clarity. R = 0.0298 for the cation. Note that only a dichlorocuprate(l) anion
could be identified; another counterion was observed by X-ray crystallography but its
structure could not be determined. Further structural details are provided in Appendix B.

Interestingly, the NHC ligands in this complex appear to be bridging between the copper(l)
atoms. This is unusual and merits further study of the orbital geometry by computational methods.
It is possible that the NHC is in a triplet state, however, this is unlikely as triplet carbenes are not
stabilized by adjacent nitrogen atoms, so NHCs are thought to exist in the singlet state. It is also
possible that this is a 3-coordinate 2-electron bond, as is sometimes observed with bridging

hydrides and alkyl anions, as was suggested by Diez-Gonzéalez et al.*® Notably, no computationam

1.2.2.2 Reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride and nickel(ll) acetate
tetrahydrate

The reaction of equimolar 1,3-bis(2-pyridylmethyl)imidazolium chloride and nickel(Il) acetate
tetrahydrate was performed in methanol with no effort to exclude air or moisture. An amorphous,

intractable brown solid was produced. No characterizable product was isolated.
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1.2.2.3 Reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride and copper(ll) chloride
dihydrate

The reaction of equimolar 1,3-bis(2-pyridylmethyl)imidazolium chloride and copper(ll)
chloride dihydrate was performed in methanol with no effort to exclude air or moisture. An

amorphous, intractable brown solid was produced. No characterizable product was isolated.

1.2.2.4 Reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride and nickel (1) chloride

hexahydrate

cl
cl§
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Scheme 4: The synthesis of nickel(ll) complex 6 from ligand 1 and nickel(ll) chloride

hexahydrate.

The reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride and nickel(Il) chloride
hexahydrate was performed in methanol with no effort to exclude air or moisture. Nickel(ll)
complex 6 was isolated as light blue blocky crystals from the vapour diffusion of diethyl ether into

acetonitrile or methanol (Figure 17).
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Figure 17: The asymmetric unit of 6. R =0.0214. Further structural details are provided in

Appendix B.

This structure exhibits a different coordination mode for ligand 1. It is possible that this is a
result of the presence of chloride anions, as analogous coordination modes have been observed
from the reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride with nickel(Il) chloride
hexahydrate or copper(ll) chloride dihydrate, but not nickel(Il) acetate tetrahydrate or copper(ll)
acetate monohydrate. Treatment with a base may allow this structure to convert to a nickel(ll)-

NHC complex, but this was not explored in this work due to time constraints.

The *H NMR spectrum of this complex suggests that it is paramagnetic (Figure 18). This makes
sense, as a tetrahedral 16-electron complex should have 2 unpaired electrons based on the expected
d-orbital splitting. Interestingly, there are two peaks in the region of C2 protons of imidazolium

cations; this may indicate the existence of two different structures in solution.
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Figure 18: The *H NMR spectrum of 6 in CD3CN, with the broad, sloping peaks indicative
of a paramagnetic species. The possible C2 protons of imidazolium cations are indicated by

the red box. Note that the two large peaks are methanol in the sample.

A similar nickel(I1) complex was prepared by Wang et al. from an imidazolium ligand with one
picolyl arm and one imidazolium arm, who found that it catalysed ethylene polymerization
following activation with methylaluminoxane (Figure 19).4” The effect of having a second, non-
coordinating pyridine on the catalytic activity of this ligand is worth examination, especially given
the findings of Luo et al. who found that a non-coordinating pendant pyridine improved the activity

of a nickel(ll)-based electrocatalyst for hydrogen reduction, likely by recruiting protons to the

metal centre.®°

Figure 19: The complex prepared by Wang et al.*’
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1.2.2.5 Reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride and copper(l1) acetate

monohydrate
v
PN NCcI N=
\N\ NoN / Ny + Cu(OAc), * H,0 — N*c‘:ﬁ\o
Y < > = N
5 —
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Scheme 5: The synthesis of complex 7 from 2 and copper(l1) acetate monohydrate.

The reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride with copper(ll) acetate
monohydrate was performed in methanol with no effort to exclude air or moisture. Dark blue

crystals of 7 were isolated by vapour diffusion of diethyl ether into methanol (Figure 20).

Figure 20: The asymmetric unit of 7. R = 0.0451. Further structural details are provided in

Appendix B.

This is a second example of a copper(11)-NHC complex, and is extremely similar to 3. As such,
it is expected that this species can undergo the same series of rearrangements as 3, however this

has yet to be determined. Notably, a trinuclear cluster analogous to 5 is known for ligand 2.4°
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The *H NMR spectrum of 7 suggests that the material is not pure (Figure 21). This could be
due to further reaction; 7 is analogous to 3, and it has been shown that 3 undergoes further reaction
to several other products. Copper(I1) also has an odd number of electrons, so it is expected that 7

is paramagnetic; this also helps to explain the somewhat broad, oddly-shaped peaks in the *H NMR

spectrum.
H
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Figure 21: The *H NMR spectrum of 7 in CDsOD. Note that the peak near 4.9 ppm is water.
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1.2.2.6 Reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride and nickel(ll) acetate

tetrahydrate
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Scheme 6: The synthesis of complexes 8 and 9 from 2 and nickel(Il) acetate tetrahydrate.

The reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride with nickel(ll) acetate
tetrahydrate was performed in methanol with no effort to exclude air or moisture. Blue crystals of
8 were isolated by vapour diffusion of diethyl ether into methanol (Figure 22). It crystallized as a

diethyl ether solvate.
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Figure 22: the asymmetric unit of 8. Note the diethyl ether solvate in the bottom left.
0.0460.
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This is the first example of a nickel(11)-NHC complex in this work. Such complexes are known,
but are uncommon. 724253040  previous examples have mostly been prepared through
transmetallation from Ag(l) complexes or oxidation of Raney nickel in air, with the NHC as a
proton source. One previous example used a weak base route similar to this work, but only 9 was

isolated (Scheme 7).%°
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Scheme 7: The synthesis of the cation of 9 used by Luo et al.*°

Heating of 8 provided 9, which was recrystallized as yellow needles by vapour diffusion of
diethyl ether into methanol (Figure 23). This structure has not been fully refined, as is evident
from the high R value. It is therefore possible that the shown structure is not entirely accurate;

however, the cation was also observed by mass spectrometry.
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Figure 23: The cation of 9. Hydrogens, both chloride anions, and solvent molecules have

been omitted for clarity. R =0.2732.

The cation in Figure 23 is known, although it has not been prepared via this route before.3° In
previous work this cation was prepared by heating to 130°C in an ionic liquid, but in this case a
much lower temperature of 50°C was used with methanol as the solvent. 8 seems to be a precursor

to the formation of 9 under high-temperature conditions.

The *H NMR spectrum of 9 is shown in Figure 24. This complex is expected to be diamagnetic,
so the peak broadening is likely due to ligand exchange; each cation is coordinating through one
of its two pendant pyridines, and these likely exchange in solution. This would result in the two
coordinating NHCs converting between a cis and trans relationship to each other. Variable-
temperature NMR experiments could be used to study this behaviour. Notably, the C2 proton peak
is absent, indicating formation of NHCs. Due to the overlapping and width of the peaks, they

could not be accurately integrated.

Figure 24: The *H NMR spectrum of 9 in CD3OD.
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Interestingly, the *C{*H} NMR has 19 distinct peaks (Figure 25). Coupling is highly unlikely
as the spectrum is proton-decoupled, so the only atom to which the carbon nuclei could couple is
nickel and the only spin-active nickel isotope, 5!Ni, is approximately 1.1% abundant;* although
C-Ni coupling could give rise to satellites, it would not likely give rise to peaks of the observed
intensity. 2 has 19 carbons, so 19 peaks are possible assuming the structure is coordinated such
that it is completely unsymmetric, as is the case in 9. This is in contrast to the 'H NMR spectrum
shown in Figure 24, where the hydrogen atoms of the coordinating and non-coordinating pyridines

appear to have averaged out given the number of peaks present in the *H-NMR spectrum.

171.48
~154.88
~153.30

152.89
— 149.36
— 141.19

13712
34.49

Figure 25: The 3C NMR spectrum of 9 in CD3OD.
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1.2.2.7 Reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride and copper(ll)

chloride dihydrate
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Scheme 8: The synthesis of 10 from ligand 2 and copper(ll) chloride dihydrate.

The reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride with copper(ll) chloride
dihydrate was performed in methanol with no effort to exclude air or moisture. Light green crystals
of 10 precipitated immediately on addition of the 1,3-bis(2-pyridylmethyl)benzimidazolium

chloride solution to the copper(lIl) chloride dihydrate solution (Figure 26).

Figure 26: The crystal structure of 10, with notable bond lengths labelled. R =0.0539.

In this case, the pincer ligand coordinates through a single pyridine, reminiscent of 6. Unlike
in 6, however, the complexes dimerize, giving rise to a square pyramidal geometry around each of

the two copper atoms. The axial Cu-Cl bond is significantly longer than the equatorial Cu-Cl
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bonds — as shown in Figure 26 — indicating a Jahn-Teller distortion. Geometry around the copper

atoms is square pyramidal (zs = 0.0168).

10 is predicted to be paramagnetic given that copper(ll) has an odd number of electrons, and
the *H NMR spectrum exhibits the broad, undefined peaks expected of a paramagnetic complex
(Figure 27). There is still a distinct peak above 10 ppm, likely corresponding to the C2 proton of

the benzimidazolium cation. Beyond this, no peaks can be readily assigned.
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Figure 27: The *H NMR spectrum of 10 in DMSO-d6, showing the very broad peaks

expected of a paramagnetic complex.

It is possible that 10 could be used to produce an imidazolium-functionalized coordination
polymer, with 1,3-bis(2-pyridylmethyl)benzimidazolium cations acting as linkers and Cu,Clg*

anions acting as nodes. This would likely form an anionic 1D coordination polymer (Figure 28).
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Figure 28: The possible structure of a 1D coordination polymer based on 10. Note that for
this coordination polymer to form, it would require an additional source of chloride, such as

sodium chloride.

1.2.2.8 Reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride and nickel(I1) chloride
hexahydrate
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Scheme 9: The synthesis of 11 and 12 from ligand 2 and nickel(I1) chloride hexahydrate.

The reaction of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride with nickel(ll) chloride
hexahydrate was performed in methanol with no effort to exclude air or moisture. Several different
species were recrystallized from this reaction. 11 was recrystallized as blue blocks by vapour
diffusion of diethyl ether into methanol, along with a red crystalline material, the structure of which

has yet to be determined (Figure 29).
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Figure 29: The asymmetric unit of 11. R =0.0587.

The geometry around the nickel atoms appears to be between square pyramidal and trigonal
bipyramidal, possibly leaning toward the latter (5 = 0.541). All Ni-Cl bond lengths are similar,
with the longest (2.463A) being the pseudoaxial bond of the bridging chlorides and the shortest
(2.313A) being the pseudoequatorial monodentate chlorides; this is a much smaller difference than

was observed in 10.

It is possible that 11 — like 10 — could be used to produce an imidazolium-functionalized
coordination polymer, with 1,3-bis(2-pyridylmethyl)benzimidazolium cations acting as linkers
and Ni.Clg? anions acting as nodes. This would likely form an anionic 1D coordination polymer

(Figure 30).
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Figure 30: The possible structure of a 1D coordination polymer based on 11. Note that for
this coordination polymer to form, it would require an additional source of chloride, such as

sodium chloride.

11 was dissolved in methanol and recrystallized by vapour diffusion with acetone instead of
diethyl ether to yield 12 (Figure 31). This compound is analogous to 6; as such, both should be

tested for similar applications.
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Figure 31: The asymmetric unit of 12. R =0.0631.

Notably, both 11 and 12 appear to exist as the same species in methanolic solution, as
demonstrated by their 'H NMR spectra (Figure 32). The peaks are somewhat broadened in these
spectra compared to the peaks of the free ligand; this could be due to an equilibrium between
several different coordination modes around both the nickel(Il) centre and the ligand. Notably,

the C2 proton peak that is characteristic of imidazolium cations appears at 8.13 ppm, and is much
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smaller than one would expect; this suggests that the major structure present in solution may be a
nickel(11)-NHC complex that only gets protonated and changes its coordination mode during
recrystallization. This is also suggested by the fact that the sum of the integrals in the *H NMR
spectrum of 11 and 12 is approximately 14; the cation of 2 has 15 protons, while the NHC derived

from it has 14.
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Figure 32: The *H NMR spectra of 11 (top) and 12 (bottom) collected in CDsOD. Note that
the large peaks at the upfield end of the window are due to methanol.

The 3C NMR spectra of 11 and 12 are also identical, and have one notable feature; they only
show nine peaks, while the ligand 2, from which 11 and 12 were prepared, has ten carbon
environments (Figure 33). There are several points above 200 ppm which could be signals, but

cannot be confidently distinguished from the baseline.
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Figure 33: The 3C NMR spectrum of 11 and 12.

1.3 Conclusions

Two NHC-based pincer ligands with pendant pyridines, 1 and 2, were synthesized in moderate
to good yield from the desired imidazole core and 2-(chloromethyl)pyridine hydrochloride. These
two ligands were complexed to chloride and acetate salts of copper(ll) and nickel(Il). The two
ligands exhibited two different coordination modes: they either coordinate as a tridentate pincer
ligand when metal acetate salts are used, or coordinate through a single pyridine when metal
chlorides are used, leaving a non-coordinating imidazolium cation. Notably, complexes 10 and 11
have structural features that suggest that they could be used as precursors for NHC-functionalized
coordination polymers. All complexes were prepared in the presence of moisture. These
complexes were characterized by X-ray crystallography, IR spectroscopy, NMR spectroscopy, and

mass spectrometry where possible.
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1.4 Future work

The most straightforward next steps in this work are further characterization of all complexes
3 — 12; several complexes could not be isolated in sufficient yield for NMR spectroscopy, and
some of those that were may not have been pure. In addition to NMR spectroscopy, magnetic

susceptibility measurements could be used to study the electron configuration of the complexes.

It is likely that 1 does react with nickel(Il) acetate tetrahydrate and copper(ll) chloride
dihydrate, despite the fact that no product was isolated. Isolation of a product from these reactions

should be attempted.

The C2 proton of 2 is likely more acidic than that of 1, as suggested by *H NMR spectroscopy;
thus, the isolation of a free NHC derived from 2 should be attempted. The isolation of such a

species would allow much greater flexibility and scope in reactions with transition metals.

The pathways involved in the formation of 3, 4, and 5 should be elucidated; in particular the
electron source for the reduction of copper(l1) to copper(l) should be determined. Performing two
reactions in t-butanol and 1-butanol could be a means to determine whether alcohol solvents act
as the reducing agent, because t-butanol can not be oxidized to a carbonyl but 1-butanol can be.
Thus, if only the reaction with 1-butanol is observed to form 5 the reduction can be attributed to
the solvent. In addition, isolation of 3 and 4 to observe whether they can then convert to 5 would
also help to determine whether any as yet unidentified species in the reaction mixture are involved
in the reaction. Similarly, the conversion of 7 to species analogous to 4 and 5 should be explored;
such a process is likely possible — a cluster analogous to 5 but with ligand 2 is known*° — but was

not observed in this work.
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The formation of 10 and 11 suggests that it may be possible to produce a 1D coordination
polymer from 2, two equivalents of copper(ll) chloride dihydrate or nickel(ll) chloride
hexahydrate, and at least two equivalents of a chloride source such as sodium chloride. This
possibility should be explored, as such a material could be an effective CO> capture material. 10

and 11 could also be tested for their ability to capture COz in their own right.

The catalytic activity of several of the prepared complexes should be explored. 3 and 7 may be
effective catalysts of Chan-Evans-Lam and Ullmann-type couplings, as other copper(11)-NHC
complexes have been observed to catalyse those reactions.®242 The nickel(11)-NHC complexes 8
and 9 should also be explored as catalysts; although it was found that 9 was a poor electrocatalyst
for proton reduction, its ability to catalyse other reactions is unexplored.®® Zhou et al.
demonstrated that a nickel(11)-NHC complex could catalyse Suzuki-Miyaura and Kumada-Corriu
couplings; these complexes should be tested for catalytic activity in those reactions.” It may also
be possible to reduce both 8 and 9 to nickel(0)-NHC complexes, which may also exhibit catalytic

activity in appropriate reactions.

1.5 Experimental

1.5.1 Materials and general considerations

All reagents and solvents were purchased from Millipore Sigma, Alfa Aesar, Fisher Scientific,
or Oakwood chemicals and used without further purification unless otherwise specified.
Deuterated NMR solvents were purchased from Cambridge Isotopes. NMR spectra were collected
using a Bruker 300 MHz Ultrashield spectrometer. IR spectra were collected using a Bruker
ALPHA ATR with a single reflection ZnSe crystal. ESI-MS data were collected by Xiao Feng at
Dalhousie University using a Bruker Compact QTOF mass spectrometer. X-ray diffraction data

was collected by Tanner George or Dr. Jason Masuda using a Bruker D8 VENTURE
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diffractometer equipped with a PHOTON III CMOS detector using monochromated Mo Ka
radiation (A = 0.71073 A) from an Incoatec micro-focus sealed tube at 100-150 K. Structure
solutions were determined by Dr. Jason Masuda and Tanner George. The structures were solved
using SHELXT and all non-hydrogen atoms were refined anisotropically with SHELXL using a
combination of shelXle and OLEX2 graphical user interfaces. Final crystal structure images were

prepared using Mercury.*

1.5.2 Synthesis of ligands

1.5.2.1 Synthesis of 1,3-bis(2-pyridylmethyl)imidazolium chloride (1)

N
NaQCO3 AN
2 | _NHCl + HNYN ——» N N@N N
\—/  EtOH \ =/ 2
cl Reflux Y —

In a 50mL round-bottom flask equipped with a magnetic stir bar, imidazole (0.681g,
10.00mmol) was dissolved in 20mL of ethanol. Powdered sodium carbonate (5g) and 2-
(chloromethyl)pyridine (3.280g, 20.00mmol) were added, and the mixture stirred at room
temperature for 10 minutes then heated to reflux for 72 hours. After cooling to room temperature,
the mixture was gravity filtered through fluted filter paper and the filter washed with 20mL of
ethanol. Diethyl ether was added to the filtrate until the mixture became turbid, then a further
20mL of diethyl ether was added. The mixture was cooled overnight in the freezer, during which
time the precipitate settled. The precipitate was collected by vacuum filtration and washed with

diethyl ether to afford 1,3-bis(2-pyridylmethyl)imidazolium chloride as a brown solid (70%).

FT-IR (ATR, cm): 3144.35 (m), 1703.14 (m), 1636.73 (s), 1594.64 (s), 1562.03 (s), 1438.58 (s).
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IH NMR (DMSO-d6, 300MHz): & 9.65 (s, 1H), 8.55 (d, J=4.48 Hz, 2H), 7.92 — 7.86 (M, 4H), 7.53

(d, J=7.82 Hz, 2H), 7.39 (dd, 3J=5.60 Hz, 3]J=7.33 Hz, 2H), 5.68 (s, 4H).

13C NMR (DMSO0-d6, 75MHz): § 153.7, 149.6, 137.8, 137.6, 123.7, 123.3, 122.6, 53.0.
ESI-MS (+): Calcd for C1sHisN4* m/z: 251.1. Found 251.1.

HRMS (+): Calcd for C1sHisN4* m/z: 251.1291. Found 251.1282.

1.5.2.2 Synthesis of 1,3-bis(2-pyridylmethyl)benzimidazolium chloride (2)

PO
\ 77N
| HN'SN Na,co, M= NoN / AN
18 LN HOl 4 L
EtOH ON=

cl Reflux Cl

Benzimidazole (10.00mmol, 1.181g) was dissolved in 10mL of ethanol in a 50mL round-
bottom flask charged with a stir bar. Sodium carbonate (3g) and 2-(chloromethyl)pyridine
hydrochloride (18mmol, 2.953g) were added, and the inside of the flask was washed with 10mL
of ethanol to rinse down material that had stuck to the sides. This mixture was stirred at room
temperature for 5 minutes, then heated to reflux for 4 days. After 4 days, the reaction mixture was
cooled to room temperature and gravity filtered. The solvent was removed by rotary evaporation,
providing a brown oil. This was redissolved in 10mL of dichloromethane and filtered through a
Kimwipe plug. The product was recrystallised by vapour diffusion of diethyl ether into the

dichloromethane solution to afford blocky yellow-brown crystals (0.909g, 30%).

FT-IR (ATR, cm): 3380.74 (s), 1633.99 (m), 1594.58 (m), 1563.35 (m), 1438.15 (m).
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14 NMR (DMSO-d6, 300MHz): 5 10.43 (s, 1H), 8.49 (d, J=4.02 Hz, 2H), 7.99 (dd, 2J=6.30 Hz,
4J=3.14 Hz, 2H), 7.90 (td, J*=7.70 Hz, J*=1.66 Hz, 2H), 7.73 (d, J=7.70 Hz, 2H), 7.60 (dd, 3)=6.27

Hz, 43=3.11 Hz, 2H), 7.37 (m, 2H), 6.08 (s, 4H).

13C NMR (DMSO-d6, 75MHz): & 153.1, 149.6, 144.1, 137.6, 131.3, 126.7, 123.7, 122.8, 114.1,

50.9.
ESI-MS (+): Calcd for C19H17N4* m/z: 301.1. Found 301.1.
HRMS (+): Calcd for C1sH1sN4* m/z: 301.1448. Found 301.1448.

1.5.3 Successful reactions of the ligands with transition metal salts

1.5.3.1 Synthesis of 3

Cl

oo
N NN N\ Ns

N+ Cu(OAc); *H0 —= N~ Cl_

—
O

Z
N

N\
o
O]
\
“
Z

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)imidazolium
chloride (3.00mmol, 0.860g) was dissolved in 5mL of methanol. Separately, copper(ll) acetate
monohydrate (3.00mmol, 0.599g) was dissolved in 5mL of methanol. The two solutions were
mixed and stirred at room temperature. After a few hours, the colour of the solution had changed
from brown to green-blue. After 24 hours, the solution was dark blue. An aliquot was removed

and vapour diffusion with diethyl ether afforded blue, blocky crystals of 3.

FT-IR (ATR, cmY): 3124.01 (m), 2936.70 (M), 2822.27 (M), 1566.97 (s), 1389.67 (s), 1029.21 (s),

755.36 (3).

ESI-MS (+): Calcd for C17H17CuN4O2* [M-CI] m/z: 372.1. Found 372.1.
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1.5.3.2 Synthesis of (4)

N\, + Cu(OAc),*
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An aliquot of the reaction mixture from which 3 was isolated was removed after one week, and

vapour diffusion of diethyl ether into the aliquot afforded single crystals of 4. The quantity of

material isolated was insufficient for further characterization.

1.5.3.3 Synthesis of (5)

) w + Cu(OAc); * Hy0 —>
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An aliquot of the reaction mixture from which 3 was isolated was removed after one month,

and vapour diffusion of diethyl ether into the aliquot afforded single crystals of 5.

ESI-MS (-): Calcd for CuCl2"m/z: 134.9. Found 134.9.
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1.5.3.4 Synthesis of (6)

cr. G
N /-~C|

NN
N NE) / NG+ NiClL*6H,0 — =
L P\

In a 50mL round-bottom flask equipped with a stir bar, 1,3-bis(2-pyridylmethyl)imidazolium
chloride (5.00mmol, 1.434g) was dissolved in 10mL of acetonitrile. Separately, nickel(l1l) chloride
hexahydrate (5.00mmol, 1.188g) was dissolved in 10mL of methanol. The two solutions were
mixed and stirred for 24 hours at room temperature, during which time the mixture took on a green-
yellow colour. The solvents were removed by rotary evaporation, affording a blue-green residue.
This was dissolved in minimal acetonitrile and precipitated by addition of diethyl ether to afford 6
as a blue powder which was collected by vacuum filtration (0.851g, 40.9%). Single crystals of 6
suitable for single-crystal X-ray diffraction were obtained by vapour diffusion of diethyl ether into

acetonitrile and methanol solutions of 6.

FT-IR (ATR, cm): 3140.77 (w), 2944.35 (w), 2830.91 (w), 1594.85 (w), 1570.66 (w), 1428.98

(m), 1019.52 (s), 744.62 (m).

1.5.3.5 Synthesis of (7)

N NN N
= ® N + Cu(OAc), * HyO — Cu\
SR = :
cl \_7 o

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)benzimidazolium
chloride (1.00mmol, 0.337g) was dissolved in 5mL of methanol. Separately, copper(ll) acetate

monohydrate (1.00mmol, 0.200g) was dissolved in 5mL of methanol. The two solutions were
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mixed and stirred at room temperature. The solution immediately changed colour from brown to
very dark blue, and a dark blue precipitate began to form. After stirring for 24 hours at room
temperature, the precipitate was centrifuged and washed with 3x5mL of methanol. It was found
that the precipitate was sparingly soluble in methanol, and vapour diffusion of diethyl ether into a
methanol solution afforded 15 as dark blue, blocky crystals suitable for single-crystal X-ray

diffraction.

FT-IR (ATR, cm™): 3021.61 (w), 1602.98 (s), 1387.24 (s), 774.23 (s), 752.66 ().

1.5.3.6 Synthesis of (8)
2
N NN N QNaNQ
= ® 7N F Ni(OAG), * 4H,0 ——= N/‘\,{,i’\o
¢ O
Cle \ 7 O)\

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)benzimidazolium
chloride (1.00mmol, 0.337g) was dissolved in 5mL of methanol. Separately, nickel(ll) acetate
tetrahydrate (1.00mmol, 0.249¢) was dissolved in 5mL of methanol. The two solutions were
mixed and stirred at room temperature for 24 hours, during which time the mixture took on a blue
colour. Single crystals of 8 were obtained by vapour diffusion of diethyl ether into the methanol

solution. Due to the thermal instability of 8, it could not be fully characterized.
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1.5.3.7 Synthesis of (9)

7 N I
Q)N\CTQ Heat @E itV | 26

A solution of 8 in methanol was heated gently for 10 minutes, at which point yellow crystals of

9 precipitated.
!H NMR (CDs0D, 300MHz): § 8.55-7.95 (m), 7.46-7.11 (m), 6.35 (d), 5.76 (d), 5.03 (d).

13C NMR (CDsOD, 75MHz): § 171.5, 154.9, 153.3, 152.9, 149.4, 141.2, 137.1, 134.5, 133.7,

1255, 125.2,124.5,124.3, 123.6, 121.9, 111.7, 110.7, 51.8, 51.0.

ESI-MS (+): Calcd for CasHs2NsNi?* m/z: 329.1. Found 329.1. Calcd for CagHs2CINgNi* m/z:

693.2. Found 693.2.

HRMS (+): Calcd for CsgH32NgNi* m/z: 329.1046. Found 329.1047.

1.5.3.8 Synthesis of (10)
N =
A \
N NN i NG 4+ CuCl*2H,0 Q/\N@N cl cigl, Q
\ VY @ o= /C\u\ C\U N ®
Cl /N Cl Cl g N —
\ N )

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)benzimidazolium
chloride (1.00mmol, 0.337g) was dissolved in 5mL of methanol. Separately, copper(Il) chloride

dihydrate (1.00mmol, 0.170g) was dissolved in 5mL of methanol. The copper(ll) chloride solution
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was added to the solution of 2 and light green plate-like crystals of 10 suitable for single-crystal
X-ray diffraction began precipitating immediately. These were collected by centrifugation and

washed with 3x5mL of methanol.
FT-IR (ATR, cm™): 3011.13 (w), 1553.02 (m), 1428.21 (m), 1186.07 (M), 766.65 (s), 753.76 (S).

1.5.3.10 Synthesis of (11)

N =
PN 2 \

N NeN i Ny +  NiClL*6H,0 — Q/\N’@’“\\N ¢l cicl /Q
L Ni ONi

o= AL ) ) N @ -

cl )N Cl g NN

v N/
= N

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)benzimidazolium
chloride (1.00mmol, 0.337g) was dissolved in 5mL of methanol. Separately, nickel(ll) chloride
hexahydrate (1.00mmol, 0.238g) was dissolved in 5mL of methanol. The two solutions were
mixed and stirred at room temperature for 3 days, during which time the mixture took on a yellow
colour. Light blue single crystals of 11, along with red crystals of an unknown material, were

isolated by vapour diffusion of diethyl ether into the methanolic solution.

FT-IR (ATR, cm): 3126.51 (m), 3057.09 (m), 1594.50 (m), 1571.98 (m), 1435.02 (s), 1185.54

(m), 1026.10 (M), 755.23 ().
H NMR (CDsOD, 300MHz): § 6.72 (s, 2H), 6.06 (s, 4H), 5.85 (m, 4H), 5,58 (s, 2H), 4.13 (s, 4H).

13C NMR (CD3OD, 75MHz): § 150.7, 147.8, 136.1, 129.9, 125.3, 122.3, 121.4, 111.9, 50.0.
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1.5.3.9 Synthesis of (12)

cl
Chye
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THE e qe
cl

Dark blue single crystals of 12 were obtained by vapour diffusion of acetone into an aliquot of the

methanolic solution from which 11 was also isolated.

FT-IR and NMR spectra are identical to those of 11.

1.5.4 Unsuccessful reactions of the ligands with transition metal salts
1.5.4.1 Reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride with nickel(ll) acetate
tetrahydrate

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)imidazolium
chloride (1.00mmol, 0.287g) was dissolved in 5mL of methanol. Separately, nickel(ll) acetate
tetrahydrate (1.00mmol, 0.249g) was dissolved in 5mL of methanol. The two solutions were
mixed and stirred at room temperature for three days, during which time the mixture took on a
dark brown colour. Vapour diffusion of diethyl ether, acetone, and THF into aliquots of the

reaction was attempted. No products were successfully isolated.

1.5.4.2 Reaction of 1,3-bis(2-pyridylmethyl)imidazolium chloride with copper(l1) chloride
dihydrate

In a 20mL scintillation vial equipped with a stir bar, 1,3-bis(2-pyridylmethyl)imidazolium
chloride (1.00mmol, 0.287g) was dissolved in 5mL of methanol. Separately, copper(ll) chloride
dihydrate (1.00mmol, 0.170g) was dissolved in 5mL of methanol. The two solutions were mixed

and stirred at room temperature for three days, during which time the mixture took on a dark brown
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colour. Vapour diffusion of diethyl ether, acetone, and THF into aliquots of the reaction was

attempted. No products were successfully isolated.
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2. Synthesis of N-heterocyclic carbene-functionalized linkers for
metal organic frameworks

2.1 Introduction
2.1.1 Carbon dioxide capture

As the most significant contributor to climate change, it is essential that the output of carbon
dioxide from human activities is decreased However, it is becoming clear that simply decreasing
future output is not enough; it is also important that the current atmospheric carbon dioxide content
is decreased.®®%! As such, carbon dioxide capture technologies have gained significant interest in
recent years (Figure 34).%° Similarly, carbon dioxide fixation technology has also gained

significant interest as a means to use carbon dioxide as a feedstock for useful materials.55
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Several methods have been developed for carbon dioxide capture, but all fall into one of two

broad categories: physisorption and chemisorption.®? Physisorption processes are governed by
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weak intermolecular reactions, and are therefore readily reversible.>* Similarly, materials relying
on physisorption typically have lower capacities than those that use chemisorption.>
Chemisorption, on the other hand, involves formation of covalent bonds to the guest molecule, and
therefore requires more energy to reverse and allows higher loadings.>* Because chemisorption

involves formation of new bonds, it also has the effect of activating some guest molecules.

Most sorbents for carbon dioxide take advantage of its Lewis acidic carbon atom; thus, many
function as Lewis bases.>%%2%556 |n the case of chemisorption, this also has the effect of activating
carbon dioxide, allowing some materials to catalyse its fixation.*>% Most notably, amines have
historically been used as chemisorbents for carbon dioxide.>® More recently, NHCs have seen
more use in carbon dioxide chemisorption and fixation.5®5” Carbon dioxide fixation can take place
through a range of different pathways, but the most common is reaction of activated carbon dioxide

with an epoxide to form a cyclic carbonate.56-5859

2.1.2 Metal-organic frameworks
2.1.2.1 Synthesis of metal-organic frameworks

Metal-organic frameworks (MOFs) are a class of coordination polymers with a crystalline,
multidimensional structure.’® They are prepared from metallic “nodes” and organic “linkers”. The
nodes can be individual metal atoms or ions or small clusters, and the linkers typically coordinate
through carboxylates or N-heterocycles. Each linker coordinates to two or more nodes, and each
node supports multiple linkers around it (Figure 35).5° The end result is a multidimensional

coordination polymer.
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Figure 35: A simple schematic of a metal-organic framework. Black bars represent organic

linkers, red circles represent metal nodes, and the blue sphere represents a void space.

As shown in Figure 35, MOFs are highly porous with large internal void spaces and a high
internal surface area.5%6! As a result of these properties, MOFs have a wide variety of potential
applications including separations,®>% storage,®>% catalysis,>" %67 sensing,587% and sometimes
ion exchange.”>"? The structures of MOFs can be constructed for a specific task in one of two
main ways: presynthetic modification or postsynthetic modification.5%”®  Presynthetic
modification involves alteration of the linkers or nodes prior to construction of the MOF, while
postsynthetic modification involves construction of the MOF first, then modification of the

framework (Figure 36).
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Figure 36: The two approaches to postsynthetic modification of MOFs. Reproduced with

permission from ACS Publications (https://pubs.acs.org/doi/10.1021/acscentsci.0c00690).7

2.1.2.2 Applications of metal-organic frameworks
2.1.2.2.1 Separation and adsorption

Due to their high internal volumes and surface areas, MOFs are ideal materials for adsorptions
and separations.®® The high volume allows storage of a large quantity of substrate while the high
surface area allows the MOF to interact selectively with a mixture of compounds. Most often,
MOFs are applied to separation and storage of gaseous substrates. The high internal volume of
MOFs means that they typically fill with guest molecules, so the primary issue is designing MOFs
with a high affinity for a particular substrate so that they can separate a single species from a
mixture. There are two main design principles used to improve selectivity: size exclusion — in
which the pore size of the MOF is controlled such that only some guest molecules can fit®™ —and
tuning the internal pore environment such that the target substrate interacts favourably with
it.536475  This pore environment can be controlled either by functionalizing a linker to have
desirable properties and building a MOF from it (presynthetic modification) or by building the
desired functionalities off the structure when it is already incorporated into a MOF (postsynthetic

modification).507
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Recently, a novel behaviour has been observed in MOFs with flexible morphologies, in which
the MOF will change conformation when exposed to a substrate to increase the internal volume.”
This behaviour is known as “breathing” and can be due to several different factors.”® The most
common of these is a flexible linker that undergoes a conformational change as the amount of
guest molecules changes.”® However, breathing behaviour can also be due to interactions between

guest molecules and the linkers or nodes altering the coordination geometry in the structure.’®

2.1.2.2.2 Catalysis

Metal organic frameworks are also useful as heterogeneous catalysts. MOFs can be used as
supports for catalysts such as nanoparticles, by immobilizing the catalyst within the pores of the
MOF.”" This can allow the catalyst to be separated from the reaction more easily. MOFs can also
be catalytically active in their own right. There are two main strategies to make MOFs catalytically
active; the MOF can be constructed such that there are defects in the framework — exposing
coordinatively unsaturated metal nodes’®#° — or the MOF can be constructed from a catalytically
active linker.5"® Catalytic linkers can be prepared prior to assembly (the presynthetic route) or
by treating the MOF to make it catalytic after synthesis.>”® For example, Das and Nagajara
described a MOF constructed from linkers containing imidazolium moieties, which was doped
with copper(l) to produce a copper(l)-NHC complex on the linkers of the MOFs.5” This material
proved to both have a high affinity for carbon dioxide due to the free imidazolium moieties and be

catalytically active in the reaction of carbon dioxide with alkynes at the copper(l) centres.>

2.1.2.3 lonic metal-organic frameworks
lonic MOFs are a subclass of MOFs in which the charges of the ligands and cations do not

81

balance.>* As a result, the MOF has a net charge that must be balanced. lonic MOFs can be

prepared by a variety of routes (Figure 37).
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Design Principles to Synthesize Anionic MOFs

a) Pre-synthetic approach b) Post-synthetic approach
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Design Principles to Synthesize Cationic MOFs
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Figure 37: The main routes used to prepare ionic MOFs. Reproduced with permission from
Elsevier Science & Technology Journals.8* Route A to anionic MOFs: the linker of a neutral
MOF is functionalized with an anionic moiety. Route B to anionic MOFs: an anionic ligand
is coordinated to the node of a neutral MOF. Route A to cationic MOFs: a neutral linker is
used with a cationic node. Route B to cationic MOFs: a cationic linker is used with a cationic

node. Route C to cationic MOFs: the linker of a neutral MOF is functionalized with a
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cationic moiety. Route D to cationic MOFs: anions coordinating to the nodes of a neutral

MOF are removed and replaced with non-coordinating guest anions.

The counterions of an ionic MOF can either be free in the pores of the framework, or — in the
case of cationic MOFs — incorporated into the structure of the lattice.8* Often, this incorporation
involves the formation of a 2D cationic sheet, with the anions acting as “pillars” between the
sheets, as shown in Figure 38; thus, they have been dubbed pillared ionic MOFs.”>#28% Jonic MOFs
have the same range of properties and applications as neutral MOFs, but can also be used for ion

exchange and sensing.5!
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Figure 38: A basic diagram of an anion-pillared MOF. The red circles are metal nodes, the

black bars are organic linkers, and the blue bars are anionic pillars.

2.1.2.3.1 Hexafluorosilicate pillared metal organic frameworks
One of the more common pillars used in ionic MOFs is hexafluorosilicate, SiFe> (often referred

to as SIFSIX).647582-84 This anionic pillar is typically used in MOFs with linkers that coordinate
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through pyridine moieties, and coordinates weakly to two metal cations through the axial fluorine

atoms (Figure 39).6475.82-84
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Figure 39: The coordination mode of a hexafluorosilicate pillar in a pillared ionic metal
organic framework. L is the organic linker, M is the metal node. Note that formal charges

have been excluded.

The four axial fluorine atoms are therefore free to interact with substrates, and give
hexafluorosilicate-pillared MOFs a high affinity for Lewis acidic species such as acetylene or
carbon dioxide.57582-8 |nterestingly, the hexafluorosilicate anion is also hydrophobic, and as a
result hexafluorosilicate-pillared MOFs can have a low affinity for water.”> It has been
demonstrated that the driving factor for the high carbon dioxide affinity in hexafluorosilicate-
pillared MOFs is an electrostatic interaction between the equatorial fluorine atoms of the
hexafluorosilicate anion and the carbon atom of the carbon dioxide (Figure 40).7>% Notably,
computational work by Forrest et al. also found that in SIFSIX-pillared MOFs with sufficiently
large pores, a secondary interaction between an oxygen atom of one carbon dioxide molecule and

the carbon atom of another helps to increase the carbon dioxide capacity of the material &
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Figure 40: The interaction between a SIFSIX pillar and a guest carbon dioxide molecule.

2.1.3 Goals and target materials

The overarching goal of this work is to synthesize an ionic MOF incorporating
hexafluorosilicate pillars and NHCs. To this end, a series of imidazolium salts with neutral
coordinating sites were designed (Figure 41). These linkers all contain a central imidazolium or
benzimidazolium cation with two pyridylmethyl “arms” that should allow them to coordinate to
two metal centres and form coordination polymers. The methylene spacers between the pendant
pyridines and the cationic cores mean that these linkers are somewhat flexible; this could allow a

MOF prepared from this linker to exhibit breathing behaviour.
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Figure 41: The structures of the four target linkers in this work.
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Based on previous studies of SIFSIX-pillared MOFs with pyridine-based linkers such as 4,4’-
bipyridine®® and 1,2-bis(4-pyridyl)acetylene®, it is expected that the metal nodes should have
octahedral geometry with the linkers at the four equatorial positions and the SIFSIX pillars at the

two axial positions (Figure 42).
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Figure 42: The environment around a node (M) of a hypothetical SIFSIX-pillared MOF with
13 as the linker. This is not a depiction of a repeating unit. Note that some formal charges
and counterions have been excluded.

2.2 Results and discussion
2.2.1 Synthesis of the linkers

The synthesis of the target linkers in this work is challenging, as the most obvious route — shown
in Scheme 10 — presents a major drawback; the starting material, (chloromethyl)pyridine,
polymerizes at a rate competitive with the desired reaction. The resulting polymeric material is

not easily separable from the desired product when present in large amounts.
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linkers.

As such, there are very few reports of this class of linkers in the literature; the successful
synthesis of 13 has been reported on one occasion® and O’Hearn outlined several unsuccessful
approaches — and was unable to replicate the results of Siraj and Spicer.®® Thus, 13 was selected
as a model for the four target linkers and several synthetic routes were explored, summarized in

Table 1.

Table 1: The conditions explored for the synthesis of 13.

Entry # | Strategy Reactants
1 Imidazolate NaN’/é\‘N + oGl | A
— _N
2 Protecting group HN/%N .2 Cl | N
\—/ N O
(0]
3 Protecting group NN Cl N

4 Protecting grou
g group HN/%N . 2CI | AN .
\—/ Br _N
5 Ring building H.N x o o)
2 2 /\7
/\O\l + O/ + HJI\H
6 Sequential addition NN . Cl N
=/ L3
N—F &
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The first route explored was the route used by Siraj and Spicer, in which an imidazolate anion
is generated first, then reacted with two equivalents of 4-(chloromethyl)pyridine hydrochloride.®
O’Hearn found that generation of the imidazolate anion with sodium hydride also led to
decomposition of the solvents DMF and acetonitrile, and the products of these decomposition
processes could not be separated.’® As such, THF was selected as a solvent that would not
decompose in the presence of sodium hydride. An additional alteration was made from the
procedure used by Siraj and Spicer; instead of freebasing the 4-(chloromethyl)pyridine separately
then adding it to the solution of sodium imidazolate, two equivalents of solid 4-
(chloromethyl)pyridine hydrochloride was added directly to the mixture containing one equivalent
of sodium imidazolate and two equivalents of sodium hydride in dry THF cooled on ice. This is
because it was observed that 4-(chloromethyl)pyridine beings to polymerize as soon as it is
freebased, before it can be added to the reaction. After stirring for 5 days at room temperature, an
aliquot of the reaction mixture was analyzed by *H NMR and the distinctive C2 proton peak above
9 ppm was not observed. The reaction was refluxed for a further four days, but *H NMR still did
not show the distinctive C2 proton peak. It was clear that THF was a poor solvent for this reaction,
so after cooling the reaction to room temperature the volume was decreased under vacuum and
acetonitrile was added. After an additional 3 days, *H NMR showed the presence of a small C2

proton peak, but it was clear that the reaction was still extremely slow (Figure 43).

59



| N

10 9 8 7 6 5 [ppm]

Figure 43: The 'H NMR spectrum of an aliquot of the reaction between sodium hydride,
sodium imidazolate, and 4-(chloromethyl)pyridine hydrochloride. Note the small peak near
9.8 ppm indicating formation of 13, along with 3 peaks between 4.6 and 5.6 ppm indicating
three different sets of benzylic protons.

The 'H NMR spectrum in Figure 43 also has a small doublet at 9.3 ppm, indicating the
formation of the polymeric by-product. Since the *H NMR spectrum suggests that there is a large
amount of this by-product relative to the desired product, the reaction was abandoned. The other
notable feature in this NMR spectrum is the three singlets around 4.8, 5.3, and 5.6 ppm,
corresponding to 4-(chloromethyl)pyridine, an intermediate shown in Figure 44, and the desired
product. The structure of this intermediate was determined later, and it would prove key to the

eventual synthesis of 13 and 14.

z=
\
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Figure 44: The structure of the intermediate observed in the reaction mixture.

After the route described by Siraj and Spicer could not be replicated, a variety of protecting
groups for the reactive nitrogen atom in 4-(chloromethyl)pyridine were attempted. The first of

these was a N-oxide.

4-(chloromethyl)pyridine  N-oxide was synthesized from 4-(chloromethyl)pyridine
hydrochloride with magnesium monoperoxyphthalate (MMPP) and sodium carbonate in water.
However, this process has several limitations. First, the reaction time is highly inconsistent; the
time taken for the reaction to reach completion varied from 24 hours to 5 days even when the
reaction conditions were kept as consistent as possible. Similarly, the physical appearance — colour
and turbidity — of the reaction also varied, as did the amount of MMPP required to achieve
complete oxidation. Second, previous work by Tilley et al. found that 4-(chloromethyl)pyridine
N-oxide can not be isolated out of solution, as it decomposes.®® This was corroborated in this
work. Nonetheless, a high-purity product was isolated by adding brine to the reaction mixture and
extracting with THF. Conversion could be monitored by extracting from the reaction mixture into
CDCls in a test tube and performing *H NMR (Figure 45). The spectroscopic handle in this case

is the upfield shift of one of the aromatic signals.
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Figure 45: The 'H NMR spectra of 4-(chloromethyl)pyridine (top) and 4-
(chloromethyl)pyridine N-oxide (bottom), indicating that the oxidation in question has gone

to completion.

However, this approach meant that determining yield was challenging. When 0.1 equivalents
of imidazole was added to the extract, *"H NMR spectroscopy of the reaction mixture even after a

long reaction time indicated that the only product was a monosubstituted imidazole (Figure 46).
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Figure 46: The M NMR spectrum of the reaction mixture of imidazole and 4-

(chloromethyl)pyridine N-oxide. Note the lack of peaks above 9 ppm.

Due to the combination of extremely low yields and the unreliable nature of the oxidation, this

approach was abandoned.

The other two protecting groups that were explored were N-methyl and N-benzyl groups. These
were far from optimal protecting groups, as they could be removed by nucleophiles — such as
imidazole. Indeed, one known method to remove N-methyl groups from pyridinium cations is to
treat with 1-methylimidazole,® so it seems unlikely that the methyl group in particular would be
a suitable protecting group. However, it is possible that nucleophilic attack at the benzylic carbon

would be preferred because chloride is a better leaving group than pyridinium (Figure 47).
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Figure 47: Possible sites of nucleophilic attack on an alkyl-protected 4-

(chloromethyl)pyridine. R = H, CgHs.

Methylation of 4-(chloromethyl)pyridine was attempted with iodomethane in acetonitrile.
However, this method was unsuccessful as the polymerization of 4-(chloromethyl)pyridine was

competitive with methylation (Figure 48).

|
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Figure 48: The *H NMR spectrum of the reaction mixture from the methylation of 4-
(chloromethyl)pyridine with iodomethane. Note the many small peaks in the aromatic

region indicating the formation of a mix of (likely polymeric) products.
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Benzylation with benzyl bromide in methanol had the same problem as methylation with
iodomethane; the rate of polymerization was competitive with it. Thus, both alkyl protecting

groups were abandoned.

The last unsuccessful route explored avoided 4-(chloromethyl)pyridine completely, instead
building the imidazolium core from glyoxal, formaldehyde, hydrochloric acid, and two equivalents
of 4-(aminomethyl)pyridine. This route was chosen because by changing the starting material one
avoids the polymerization reaction entirely. When glyoxal and the amine were mixed in water, a
yellow precipitate formed rapidly; using a combination of 1D and 2D NMR spectra, a structure
was tentatively assigned (Figure 49). Although the reaction conditions were varied extensively,

this was the only product that could be isolated — and no pure material could be isolated from many

reactions.
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Figure 49: the *H NMR spectrum and proposed structure of the precipitate formed from the

reaction of glyoxal and two equivalents of 4-(aminomethyl)pyridine in water.
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Upon re-examination of the NMR data from the using sodium imidazolate and further
consideration of the reaction pathway, another approach was developed. It was hypothesized that
the reaction must pass through a monosubstituted imidazole intermediate — shown in Scheme 11
—and that isolation of this intermediate would allow greater control over the reaction conditions

in the second step.

N\N _»N/N L A
N @ =N

Scheme 11: The expected pathway of the reaction to produce the target linkers. Note that
13 is being used as an example structure.

To this end, the four monosubstituted intermediates were prepared based on a literature method
that was modified for microwave-assisted synthesis.®>  One equivalent of 3- or 4-
(chloromethyl)pyridine hydrochloride was mixed with the desired core and excess sodium
hydroxide in acetonitrile, then microwaved at 80°C for 1 hour. This produced the monosubstituted

azoles 17 — 20 in very good to excellent yields (Scheme 12).
N \N ~ N SN
\—/
J .
& A 17: 81% N 18: 84%
3NN
j 8 NaOH ///f \—/
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MW 80°C 1hr NSO N SN =~
~ @ g @

Scheme 12: The general reaction conditions used to produce the 1-

(pyridylmethyl)imidazoles 17 — 20, precursors to the target ligands 13 — 16.

These monosubstituted azoles were refluxed with 0.25 equivalents of 3- or 4-

(chloromethyl)pyridine hydrochloride and excess sodium carbonate in acetonitrile for 24 hours
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(Scheme 13). The intermediate was used in excess as this meant that the desired product would
be kinetically favoured over the polymer. The target linkers were recrystallized, and the excess
intermediates could be recovered from the supernatant by rotary evaporation and extraction from

water into DCM.
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Scheme 13: The general reaction conditions used to prepare the target ligands 13 — 16. Only
13 and 14 were isolated, although the formation of 15 and 16 was observed by NMR.

13 and 14 were isolated in moderate yields via this method, but 15 and 16 were not. The NMR
spectrum of the reaction of 20 with 4-(chloromethyl)pyridine — shown in Figure 50— suggests that
reaction at the nitrogen atom of the pendant pyridine is preferred to reaction at the nitrogen atom
at the 3-position benzimidazole. The NMR spectrum of the reaction of 19 with 3-
(chloromethyl)pyridine indicates the same. Both NMR spectra show the presence of a pyridinium
salt in similar concentrations to the target benzimidazolium salt. Efforts to separate the target

compound have been unsuccessful.
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Figure 50: *H NMR spectrum of the crude reaction mixture containing 15 and a major by-
product. Select peaks corresponding to the benzimidazolium and pyridinium salts are
indicated. Note that the pyridinium salt shown is a proposed structure of the by-product.

2.2.2 Reactions of the linkers with metals

Several efforts were made to prepare and isolate metal complexes of 13 and 14, however none
yielded a product on which structural characterization could be performed. Only nickel(Il) and
copper(ll) cations were used in these efforts, however, other conditions, such as temperature,
solvent, counterion to the metal salt of the starting material, reaction time, and recrystallization
conditions were varied (Table 2).

Table 2: The reaction conditions between 13 or 14 and metal cations in an effort to prepare
a MOF.

Entry # Linker Metal salt Other reagents | Reaction
conditions

1 13 NiSiFg - 6H20 Ethanol/water,
RT

2 13 CuSOs - TH20 | (NHa)2SiFs Ethanol/water,
RT

3 13 Cu(BF4)2 - xH20 Methanol, RT
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4 13 NiSiFs - 6H20 Ethylene glycol,
MW 120°C

5 13 NiCl; - 6H20 Methanol, RT

6 13 NiCl; - 6H20 Refluxing
ethanol then RT
ethylene glycol

7 13 Cu(BFs)2 - xH20 | (NH4):SiFe Water, RT, then
heating

8 14 NiSiFs - 6H20 Methanol, RT

9 13 NiSiFs - 6H20 HCI, then Methanol, RT

triethylamine

10 14 Cu(BFs)2 - xH20 | (NH4)2SiFe Methanol/water,
RT

11 13 NiSiFe - 6H20 Water, 100°C

In Entry 1, a room temperature ethanolic solution of 13 was layered onto a cold aqueous solution

of nickel(1l) hexafluorosilicate hexahydrate. A brown precipitate began to form immediately at

the interface. As a control reaction, a room temperature ethanolic solution of 13 was layered onto

a cold aqueous solution of potassium hexafluorosilicate; no precipitate formed, indicating that the

nickel cations are essential to the formation of the precipitate. This precipitate was examined by

scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy (Figure

51). SEM images showed that the material is not microcrystalline; instead, it is an extremely

porous, amorphous solid. EDX spectroscopy showed that all expected elements were present.

However, no evidence about the connectivity in the sample could be determined.
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Figure 51: A SEM image of the brown precipitate collected from the reaction of 13 and
NiSiFe - 6H20 (left) and an EDX spectrum of the same material (right).

Entry 2 is analogous to entry 1, but copper cations were used instead of nickel cations. Also,
ammonium hexafluorosilicate was used as the hexafluorosilicate source. Again, a brown

precipitate began to form immediately at the solvent interface.

All other entries were efforts to prepare a crystalline product, and all resulted in the formation
of an amorphous brown precipitate. Entries 5 and 6 were an effort to prepare a 2D coordination
polymer from the linker and nickel(Il) chloride hexahydrate, which could be pillared in a second
step. Entries 4, 7, and 11 all involved heating the reaction mixture in an effort to encourage
crystallization. Entry 9 proceeded via a different pathway; it was observed that the brown
precipitate produced in prior reactions was soluble in acid, so it was dissolved in acid and a vapour

diffusion with triethylamine was performed in order to force it to precipitate more slowly.

It was found that the brown precipitate was sparingly soluble in ethylene glycol, but it could
not be recrystallized. Interestingly, when a solution in ethylene glycol was left for one month at
room temperature, it changed colour from a brown solution to light red. This product could not be

recrystallized either.
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It is possible that the flexibility of the linkers is hindering their ability to form crystalline MOFs.

2.3 Conclusions

Two ligands with central imidazolium cations and two pendant pyridines with the proper
substitution pattern to act as linkers in MOFs were synthesized in moderate yield by a novel
stepwise addition route. Unfortunately, the other two target linkers could not be isolated by this
route, although they were detected in solution. Reaction of both linkers with copper(ll) and
nickel(l) salts in a variety of conditions yield poorly soluble, amorphous brown solids.
Examination of some of these materials by SEM and EDX revealed that they are extremely porous,
with elemental composition corresponding to the desired product, but no information regarding

connectivity could be obtained.

2.4 Future work

The two main directions for this work moving forward would be the development of synthetic
routes to 15 and 16, as well as synthesis of a crystalline MOF based on 13 or 14. Some other
possible avenues to investigate would be a new target linker with a more rigid structure, and

exploring COz2 sorption by the amorphous materials.

It is possible that a protecting group or ring-building method is necessary for the synthesis of
15 and 16. A ring-building method from o-diaminobenzene and pyridinecarboxaldehyde — as

shown in Scheme 14 — may be effective.
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Scheme 14: The proposed synthesis of 15 and 16 by ring building.



Further efforts toward the synthesis of a crystalline MOF will likely involve simply varying
conditions. For example, DMSO and DMF may be suitable solvents for this reaction. It is also

possible that heating will be required to form a crystalline product.

It may also be worth exploring gas sorption by the amorphous materials collected from the
reaction of 13 and 14 with nickel(Il) and copper(ll) salts; although these materials are amorphous,

they may still be effective in CO> capture.

One final avenue of exploration would be the development of a more rigid NHC-functionalised
linker. It is possible that the reason that all observed products from the reactions of 13 and 14
yielded amorphous products is that both linkers are flexible, so a rigid linker could help to lead to
a crystalline product. There is some literature precedence for this; a MOF prepared from a rigid
dicarboxylate NHC linker was found to be crystalline,?® and when decorated with copper(l) atoms
on some of the NHCs in the pores, was highly effective in CO, uptake and fixation.5” It is likely
that a similar linker with neutral donors may be applicable in this work, and could be synthesized

by ring building from formaldehyde, glyoxal, a Brgnsted acid, and an amine (Scheme 15).

X@
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Scheme 15: The structure and proposed synthesis of a rigid linker with neutral donating
sites.
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2.5 Experimental
2.5.1 Materials and general considerations

All reagents and solvents were purchased from Millipore Sigma, Alfa Aesar, Fisher Scientific,
or Oakwood chemicals and used without further purification unless otherwise specified.
Deuterated NMR solvents were purchased from Cambridge Isotopes. NMR spectra were collected
using a Bruker 300 MHz Ultrashield spectrometer. IR spectra were collected using a Bruker
ALPHA ATR with a single reflection ZnSe crystal. ESI-MS data was collected by Xiao Feng at
Dalhousie University using a Bruker Compact QTOF mass spectrometer. Scanning electron
microscopy and energy dispersive X-ray spectroscopy were performed by Xiang Yang using a
TESCAN Mira3 LMU scanning electron microscope and Oxford Instruments INCA X-max

80mm? EDS system.

2.5.2 Successful syntheses of the linkers

2.5.2.1 Synthesis of 1,3-bis(4-pyridylmethyl)imidazolium chloride (13)

H@
A N PN
~ N_N | . S NEN N
\ =/ Z o \ = o [
N/ cl N CI —N
Cl

In a 50mL round-bottom flask equipped with a stir bar, 1-(3-pyridylmethyl)imidazole
(10.00mmol, 1.592¢) was dissolved in 20mL of acetonitrile. Powdered sodium carbonate (3g) was
added, followed by 4-(chloromethyl)pyridine hydrochloride (2.50mmol, 0.410g). This mixture
was stirred at room temperature for 5 minutes, then a condenser was attached and the mixture was
heated to reflux for 24 hours. After cooling to room temperature, the reaction was gravity filtered
and the filter paper was washed with acetonitrile. Solvent was removed from the filtrate by rotary
evaporation, and the resulting black oil was dissolved in minimal methanol. Vapour diffusion with
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diethyl ether afforded 1,3-bis(4-pyridylmethyl)imidazolium chloride. The supernatant was
decanted and the precipitated 1,3-bis(4-pyridylmethyl)imidazolium chloride was washed with
diethyl ether. The supernatant and washings were combined and solvent was removed by rotary
evaporation, redissolved in 20mL of deionized water, and extracted with 3x10mL of
dichloromethane. The organic fraction was dried of magnesium sulfate and gravity filtered.
Solvent was removed by rotary evaporation to recover the excess 1-(4-pyridylmethyl)imidazole.
1,3-bis(4-pyridylmethyl)imidazolium chloride was afforded as a hygroscopic dark brown solid

(0.287g, 40%).
IR (ATR, cmY): 3035.47 (m), 2979.98 (m), 1632.02 (s), 1601.24 (s), 1415.80 (s).

H NMR (DMSO-ds, 300MH2): 5 9.50 (s, 1H), 8.63 (d, J=5.91 Hz, 4H), 7.92 (s, 2H), 7.36 (d,

J=5.80 Hz, 4H), 5.55 (s, 4H)

13C NMR (DMSO-ds, 75MHz): § 150.7, 144.0, 137.9, 123.9, 123.1, 51.4
ESI-MS (+): Calcd for C1sHisN4* m/z: 251.1. Found 251.1.

HRMS (+): Calcd for C1sH1sN4* m/z: 251.1291. Found 251.1285.

2.5.2.2 Synthesis of 1,3-bis(3-pyridylmethyl)imidazolium chloride (14)
)
~ NN ‘\NH - NN N
N \—/ A 5 —> N \=/ o /| N
\ cl \_ Cl —
(of

Compound 14 was prepared following the same procedure used for 13. 14 was isolated as a

dark brown hygroscopic solid (0.251g, 35%).

FT-IR (ATR, cm): 3055.63 (m), 2993.62 (m), 1594.81 (s), 1578.98 (s), 1558,75 (s), 1427.63 (s).
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!H NMR (DMSO0-d6, 300MHz): § 9.74 (s, 1H), 8.72 (s, 2H), 8.57 (d, J=4.66 Hz, 2H), 7.93 (m,

4H), 7.43 (dd, J=4.70 Hz, 2H), 5.55 (s, 4H).

13C NMR (DMSO0-d6, 75MHz): § 150.0, 149.8, 136.9, 136.5, 130.6, 124.0, 123.0, 49.7.
ESI-MS (+): Calcd for C1sH1sNs" m/z: 251.13. Found 251.1.

HRMS (+): Calcd for C1sHisN4* m/z: 251.1291. Found 251.1285.

5.2.5 Synthesis of 1-(3-pyridylmethyl)imidazole (17)
@
HNTSN | SNH ~ NTIN
\—/ J oo — N\j\ \—/
cl 7
(o

In a 50mL round-bottom flask equipped with a stir bar, imidazole (10.00mmol, 0.681g) was
dissolved in 20mL of acetonitrile. Powdered sodium hydroxide (30mmol, 1.20g) was added,
followed by 3-(chloromethyl)pyridine hydrochloride (10.00mmol, 1.640g). The reaction was
stirred for 5 minutes a room temperature, then the reaction vessel was placed in a CEM Discover
SP microwave reactor with the following parameters: 50 W, 80°C, 1 hour, high stirring. After the
reaction vessel had cooled, the acetonitrile was removed by rotary evaporation. The resulting solid
residue was taken up in 30mL of deionized water and extracted with 5x15mL of dichloromethane.
The dichloromethane fraction was dried over anhydrous magnesium sulfate and gravity filtered.
Solvent was removed by rotary evaporation and the resulting orange solid was dried under high

vacuum (1.289g, 81%).

FT-IR (ATR, cm™): 3105.58 (w), 1671.63 (w), 1593.90 (w), 1578.52 (m), 1504.51 (s), 1480.21

(m), 1427.20 (s).
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IH NMR (DMSO-ds, 300MHz): § 8.57 (d, J=3.97 Hz, 1H), 8.50 (s, 1H), 7.54 (s, 1H), 7.41 (d,

J=7.81 Hz, 1H), 7.27 (m, 1H), 7.09 (s, 1H), 6.88 (s, 1H), 5.13 (s, 2H).

13C NMR (DMSO-ds, 75MHz): § 140.0, 148.8, 137.4, 135.0, 132.0, 130.5, 124.0, 119.2, 48.4.
ESI-MS (+): Calcd for CoH1oN3 (M+H) m/z: 160.2. found 160.1.

HRMS (+): Calcd for CoH1oN3 (M+H) m/z: 160.0869. found 160.0863.

5.2.6 Synthesis of 1-(4-pyridylmethyl)imidazole (18)

He
N
HNTSN S <~ NN
— —_— —
\—/ J o \ \—/
cl N/
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Compound 18 was prepared following the same procedure used for 17 from imidazole
(10.00mmol, 0.681g) and 4-(chloromethyl)pyridine hydrochloride (10.00mmol, 1.640g). 8 was
isolated as a yellow solid (1.336g, 84%). Single crystals of 8 suitable for single-crystal X-ray

crystallography were obtained by slow evaporation of an acetone solution.
FT-IR (ATR, cm'Y): 3106.22 (w), 1673.87 (w), 1601.66 (s), 1563.67 (W), 1504.64 (s), 1415.74 (s).

IH NMR (CDCls, 300MHz): & 8.59 (d, J=5.99 Hz, 2H), 7.56 (5, 1H). 7.14 (s, 1H), 6.99 (d, J=5.91

Hz, 2H), 6.90 (s, 1H), 5.15 (s, 2H)
13C NMR (CDCls, 75MHz): § 150.7, 145.4, 137.8, 130.6, 121.6, 119.5, 49.6.
ESI-MS (+): Calcd for CoH1oN3 (M+H) m/z: 160.2. found 160.1.

HRMS (+): Calcd for CoH10N3 (M+H) m/z: 160.0869. found 160.0863.
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5.2.7 Synthesis of 1-(3-pyridylmethyl)benzimidazole (19)

®
HNTSN |\NH ~ NN
cl
Cl

Compound 19 was prepared following the same procedure used for 17 from benzimidazole
(10.00mmol, 1.181g) and 3-(chloromethyl)pyridine hydrochloride (10.00mmol, 1.640g). 9 was

isolated as a pale yellow solid (1.779g, 85%).
FT-IR (ATR, cm™): 3087.36 (w), 1707.06 (m), 1494.11 (m), 1427.28 (m), 1360.27 (m).

H NMR (CDCls, 300MHz): & 8.56 (m, 2H), 7.97 (s, 1H), 7.83 (m, 1H) 7.39 (d, J=7.91 Hz, 1H),

7.25 (M, 4H), 5.36 (s, 2H)

13C NMR (CDCls, 300MHz): § 149.8, 148.5, 143.9, 143.0, 134.7, 133.5, 131.3, 124.0, 123.5,

122.6, 120.5, 109.9, 46.3
ESI-MS (+): Calcd for C13H11Ns (M+H) m/z: 210.1. found 210.1.
HRMS (+): Calcd for C13H11N3 (M+H) m/z: 210.1026. found 210.1032.

5.2.8 Synthesis of 1-(4-pyridylmethyl)benzimidazole (20)

He
N
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Compound 20 was prepared following the same procedure used for 17 from benzimidazole
(10.00mmol, 1.181g) and 4-(chloromethyl)pyridine hydrochloride (10.00mmol, 1.640g). 10 was
isolated as a pale yellow solid (1.967g, 94%).
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FT-IR (ATR, cm): 3055.61 (w), 2928.17 (w), 1602.44 (s), 1496.07 (s), 1459.02 (m), 1416.33
(m).

IH NMR (CDCls, 300MHz): § 8.57 (d, J=6.04 Hz, 2H), 7.99 (s, 1H), 7.87 (d, J=8.33 Hz, 1H), 7.29

(m, 2H), 7.20 (d, J=7.77 Hz, 1H), 7.02 (d, J=5.98 Hz, 2H), 5.39 (s, 2H)

13C NMR (CDCls, 300MHz): § 150.6, 144.7, 144.0, 143.3, 133.7, 123.6, 122.8, 121.5, 120.8,

109.8, 47.6
ESI-MS (+): Calcd for Ci13H11Ns (M+H) m/z: 210.1. found 210.1.
HRMS (+): Calcd for C13H11Ns (M+H) m/z; 210.1026. found 210.1032.

2.5.3 Unsuccessful syntheses of the linkers

2.5.3.1 Synthesis of 1,3-bis(3-pyridylmethyl)benzimidazolium chloride (16)
®
< NN A NBN .
O Ve O L
c $=
cl

In a 50mL round-bottom flask equipped with a stir bar, 1-(3-pyridylmethyl)benzimidazole
(10.00mmol, 2.093g) was dissolved in 20mL of acetonitrile. Powdered sodium carbonate (3g) was
added, followed by 3-(chloromethyl)pyridine hydrochloride (2.50mmol, 0.410g). This mixture
was stirred at room temperature for 5 minutes, then a condenser was attached and the mixture was
heated to reflux for 24 hours. After cooling to room temperature, an aliquot of the reaction mixture
was collected and dried under high vacuum. The resulting dark brown residue was dissolved in
DMSO-d6. The 'H NMR spectrum collected on the sample indicated that 16 was a minor

component of the mixture.
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2.5.3.2 Synthesis of 1,3-bis(4-pyridylmethyl)benzimidazolium chloride (15)

:ca
' I NN N
\ Z 9 \ |
N/ cl N/ ON\=N
o c

The synthesis of 15 was attempted analogously to 16, and it was found that 15 was a similarly

minor component of the reaction mixture.

2.5.3.3 N-oxidation of 4-(chloromethyl)pyridine

o

He Q
N N®
N N

\ — |
= Ie) =
cl
cl cl

In a round-bottom flask equipped with a stir bar, 4-(chloromethyl)pyridine (10.00mmol,
1.640g) was dissolved in deionized water (15mL). Magnesium monoperoxyphthalate
(10.00mmol, 6.183g) and sodium carbonate (7.5mmol, 0.795g) were added and the reaction was
stirred at room temperature for 1 hour, at which point more magnesium monoperoxyphthalate
(5.00mmol, 3.091g) was added. The reaction was stirred for a further 6 hours, at which point more
magnesium monoperoxyphthalate (5.00mmol, 3.091g) was added. After 24 hours from starting
the reaction, 5mL of water and 5mL of brine were added and the product was extracted with
3x10mL of THF. The extract was dried over magnesium carbonate and filtered, and imidazole

(1.00mmol, 0.640g) was added. Conversion was monitored by *H NMR.

IH NMR (CDCls, 300MHz): 5 8.19 (d, J=7.08Hz, 2H), 7.30 (d, J=6.96Hz, 2H), 4.52 (s, 2H).
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2.5.3.4 N-methylation of 4-(chloromethyl)pyridine with iodomethane

He \
N N®
AN AN
\ S oo \ P
cl ©
cl cl

In a round-bottom flask equipped with a stir bar, 4-(chloromethyl)pyridine (5.00mmaol, 0.8209)
was suspended in acetonitrile (10mL). sodium bicarbonate (10.00mmol, 1.060g) was added,
followed by iodomethane (5.50mmol, 0.342mL). The reaction mixture was stirred at room

temperature overnight, after which time *H NMR indicated low conversion to the desired product.

2.5.3.5 N-benzylation of 4-(chloromethyl)pyridine with benzyl bromide

Ao (®
Cl >
©
cl Br
Cl

In a round-bottom flask equipped with a stir bar, benzyl bromide (10.00mmol, 1.189mL) was
dissolved in methanol (10mL). Sodium carbonate (10.00mmol, 1.060g) was added. Separately,
4-(chloromethyl)pyridine hydrochloride (5.00mmol, 0.820g) was dissolved in methanol (10mL).
The solution of 4-(chloromethyl)pyridine hydrochloride was added dropwise to the solution of
benzyl bromide and the reaction mixture was stirred at room temperature for 24 hours, at which

time 'H NMR indicated low conversion to the desired product.
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2.5.3.6 Ring-building from glyoxal and formaldehyde

OH
N
X Owo AN 1O |\
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TS on 2
OH

In water:

Aqueous 40% glyoxal (2.50mmol, 0.363mL) was diluted to 5mL with water. 4-
(aminomethyl)pyridine (5.00mmol, 0.508mL) was added, and a yellow precipitate formed

immediately. The precipitate was collected by vacuum filtration.

IH NMR (DMSO-d6, 300MHz): & 8.51 (d, J=5.72Hz, 4H), 7.44 (d, J=5.26Hz, 4H), 5.14 (d,

J=7.14Hz, 4H), 4.18 (d, J=6.98Hz, 4H), 4.08 (s, 4H).
13C NMR (DMSO0-d6, 75MHz): § 149.5, 143.8, 123.3, 83.5, 51.5.
In dichloromethane:

40% glyoxal (2.50mmol, 0.363mL) was taken up in 5mL of dichloromethane. Anhydrous
magnesium sulfate was added to dry the mixture. 4-(aminomethyl)pyridine (5.00mmol, 0.508mL)
was added with a few drops of formic acid. After 24 hours, *H NMR spectroscopy indicated the

formation of a likely polymeric product.
In acetonitrile:

The procedure used for dichloromethane was repeated with 5mL of acetonitrile instead of 5mL

of dichloromethane, with the same outcome.
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2.5.4 Reactions of the linkers with transition metal salts
25.4.1 Table 3entry 1

13 (0.10mmol, 28.7mg) was dissolved in ethanol (2mL). Separately, nickel hexafluorosilicate
hexahydrate (0.05mmol, 15.4mg) was dissolved in water (2mL). The solution of nickel
hexafluorosilicate hexahydrate was cooled on ice, and the solution of 13 was layered on top of it.
A brown precipitate immediately began to form at the interface. A control experiment was
performed in which potassium hexafluorosilicate was used in place of nickel hexafluorosilicate

hexahydrate; no precipitate was observed.

2.5.4.2 Table 3 entry 2

13 (0.10mmol, 28.7mg) was dissolved in ethanol (2mL). Separately, copper sulfate
pentahydrate (0.05mmol, 12.5mg) and ammonium hexafluorosilicate (0.05mmol, 8.9mg) were
dissolved in water (2mL). The solution of copper sulfate pentahydrate and ammonium
hexafluorosilicate was cooled on ice, and the solution of 13 was layered on top of it. A brown

precipitate immediately began to form at the interface.

2.5.4.3 Table 3 entry 3

Separately, 13 (0.10mmol, 28.7mg) and copper(ll) tetrafluoroborate hydrate (34.5mg) were
each taken up in methanol (1mL). the solution of copper(ll) tetrafluoroborate hydrate was cooled
on ice, and methanol (0.25mL) was layered on top. This was cooled as well, and the solution of

13 was layered on top. After 24 hours, an amorphous brown precipitate had formed.

2.5.4.4 Table 3 entry 4
13 (0.1mmol, 28.7mg) and nickel hexafluorosilicate hexahydrate (0.05mmol, 15.4mg) were
taken up in ethylene glycol (3mL), forming a brown precipitate. This suspension was microwaved

at 120°C for 1 hour, after which time no change was observed.
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2.5.45 Table 3entry 5

Separately, 13 (0.10mmol, 28.7mg) and nickel(Il) chloride hexahydrate (0.10mmol, 23.8mg)
were dissolved in methanol (ImL). The solutions were mixed and stirred for 24 hours, during
which time an amorphous brown precipitate had formed. This was collected by centrifugation. It

was found to be sparingly soluble in DMSO, but could not be recrystallized.

2.5.4.6 Table 3 entry 6
13 (0.10mmol, 28.7mg) and nickel(Il) chloride hexahydrate (0.05mmol, 11.9mg) were taken
up in ethanol (3mL) and refluxed for 24 hours. The resulting brown precipitate was collected by

centrifugation and found to be sparingly soluble in ethylene glycol, but could not be recrystallized.

25.4.7 Table 3entry 7
13 (0.10mmol, 28.7mg), copper(ll) tetrafluoroborate hydrate (17.3mg) and ammonium
hexafluorosilicate (0.05mmol, 8.9mg) were taken up in water (10mL). After 3 days at room

temperature, there was no visible change, so the reaction was microwaved at 120°C for 2 hours.

2.5.4.8 Table 3entry 8

14 (0.10mmol, 28.7mg) was dissolved in methanol (1mL).  Separately, nickel(ll)
hexafluorosilicate hexahydrate (0.05mmol, 15.4mg) was dissolved in a mixture of methanol (4mL)
and water (2mL). The solutions were mixed, resulting in an immediate amorphous brown

precipitate.

2.5.49 Table 3 entry 9
13 (0.10mmol, 28.7mg) and nickel(ll) hexafluorosilicate hexahydrate (0.05mmol, 15.4mg)

were taken up in methanol (3mL), resulting in an immediate brown precipitate. Aqueous 6M
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hydrochloric acid was added dropwise until all solids had fully dissolved. A vapour diffusion was

set up with triethylamine. After 24 hours, an amorphous brown precipitate had formed.

2.5.4.10 Table 3 entry 10

14 (0.10mmol, 28.7mg) was dissolved in methanol (2mL).  Separately, copper(Il)
tetrafluoroborate hydrate (17.3mg) and ammonium hexafluorosilicate (0.05mmol, 8.9mg) were
dissolved in water (2mL). The solution of 14 was layered onto the solution of copper(lIl)
tetrafluoroborate hydrate (17.3mg) and ammonium hexafluorosilicate, and an amorphous brown

precipitate began forming at the interface immediately.

2.5.4.11 Table 3entry 11
13 (0.10mmol, 28.7mg) and nickel(ll) hexafluorosilicate hexahydrate (0.05mmol, 15.4mg)
were each dissolved in water (5mL). The solutions were mixed and refluxed for 3 days, during

which time an amorphous brown precipitate formed.
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4. Appendix

4.1 Appendix A: NMR spectra

'H NMR spectrum of 1 in DMSO-d6
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'H NMR spectrum of 2 in DMSO-d6
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'H NMR spectrum of 3/4/5 in CD30D
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'H-13C HSQC spectrum of 3/4/5 in CD30D
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'H NMR spectrum of 6 in CDsOD
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'H-'H COSY spectrum of 6 in CD30D
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'H NMR spectrum of 7 in CD3OD
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'H-'H COSY spectrum of 7 in CDs0D
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'H NMR spectrum of 9 in CDsOD
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'H-H COSY spectrum of 9 in CDs0D
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'H NMR spectrum of 10 in DMSO-ds
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'H NMR spectrum of 11/12 in CDsOD
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'H NMR spectrum of 13 in DMSO-d6
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'H-H COSY spectrum of 13 in DMSO-d6
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'H NMR spectrum of 14 in DMSO-d6
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'H-H COSY spectrum of 14 in DMSO-d6
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'H NMR spectrum of 17 in CDCls
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'H NMR spectrum of 18 in CDCls
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'H NMR spectrum of 20 in CDCls
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4.2 Appendix B: crystallographic data

Structural information for 2

@1

Spacegroup |Pbca
Cell lengths | a 16.8078(6)

b 10.2910(4)

€ 19.9404(7)
Cell angles a 90

B 9o

y 90
Cell volume | 3449.07
7,7 Z:87"1
R-factor (%) |7.15

Bond lengths in 2

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
N1 Cl 1.331(4) C4 C5 1.384(5)
N1 Cc2 1.390(4) C5 C6 1.407(6)
N1 C8 1.469(5) C6 c7 1.372(6)
N2 C1 1.332(4) C8 C9 1.508(5)
N2 C3 1.390(4) Cc9 C10 1.371(5)
N2 Cl4 1.471(5) C10 Cl1 1.395(6)
N3 C15 1.344(5) Cl1 C12 1.374(6)
N3 C19 1.334(5) C12 C13 1.375(7)
N4 C9 1.338(5) C14 C15 1.506(5)
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N4 C13 1.335(5) C15 C16 1.370(6)
Cc2 C3 1.398(4) C16 C17 1.404(6)
C2 C7 1.394(5) C17 C18 1.366(7)
C3 C4 1.389(4) C18 C19 1.373(7)
Bond angles in 2
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
C1 N1 C2 108.1(3) | C2 C7 C6 116.2(3)
Cl N1 C8 125.2(3) | N1 C8 C9 110.5(3)
Cc2 N1 Cc8 126.1(3) | N4 Cc9 C8 115.3(3)
C1 N2 C3 107.8(3) | N4 Cc9 C10 123.3(3)
C1 N2 Cl4 126.6(3) | C8 Cc9 C10 121.4(3)
C3 N2 Cl4 125.3(3) | C9 C10 Cl1 118.6(4)
C15 N3 C19 117.2(3) | C10 Cl1 C12 118.3(4)
C9 N4 C13 117.4(4) | Cl11 C12 C13 119.2(4)
N1 Cl N2 110.8(3) | N4 C13 C12 123.1(4)
N1 Cc2 C3 106.4(3) | N2 Cl4 C15 111.1(3)
N1 Cc2 Cc7 132.0(3) | N3 C15 Cl4 115.8(3)
C3 c2 C7 121.6(3) | N3 C15 C16 123.2(3)
N2 C3 Cc2 106.8(3) | C14 Ci15 C16 121.0(3)
N2 C3 C4 131.0(3) | C15 C16 C17 118.1(4)
Cc2 C3 C4 122.2(3) | C16 C17 C18 119.2(4)
C3 C4 C5 115.9(3) | C17 C18 C19 118.3(4)
C4 C5 Cé 121.8(3) | N3 C19 C18 124.0(4)
C5 C6 Cc7 122.3(3)
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Structural information for 3

Space group | P 1

Cell lengths | a 7.6192(5)
b 9.8671(6)
¢ 14.3365(9)

Cell angles o 108.553(2)
B 91.958(2)
y 111.856(2)

Cell volume | 933.977

7,7 Z:27"1

R-factor (%) |4.51

Bond lengths in 3

Atom 1 Atom 2 Length Atom 1 Atom 2 Length

Cul Cl1 2.6051(8) N2 C3 1.382(6)
Cul 01 1.950(3) N2 C10 1.454(4)
Cul 02B 2.74(1) N3 C5 1.357(4)
Cul N3 2.089(3) N3 C9 1.338(5)
Cul N4 2.113(3) N4 Cl1 1.348(5)
Cul C1 1.924(4) N4 C15 1.346(5)
01 C16 1.257(3) C2 C3 1.351(5)
02B C16 1.27(2) C4 C5 1.506(6)
N1 Cl 1.344(4) C5 C6 1.383(4)
N1 Cc2 1.384(5) Ccé c7 1.386(6)
N1 C4 1.462(4) Cc7 C8 1.385(5)

124



N2 C1 1.338(4) C8 C9 1.385(5)
C13 C14 1.375(6) C10 Cl1 1.510(5)
C14 C15 1.387(5) Cl11 C12 1.392(5)
C16 C17 1.512(7) C12 C13 1.387(6)
Bonds angles in 3
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cl1 Cul 01 95.54(8) | Cul C1 N2 125.9(2)
Cl1 Cul 02B 143.2(3) | N1 C1 N2 105.3(3)
Cl1 Cul N3 93.57(8) | N1 C2 C3 106.2(3)
Cl1 Cul N4 88.88(8) | N2 C3 C2 106.6(3)
Cl1 Cul Cl 96.3(1) N1 C4 C5 112.4(3)
01 Cul 02B 49.0(3) N3 C5 C4 119.0(3)
01 Cul N3 91.2(1) N3 C5 C6 121.5(3)
01 Cul N4 92.7(1) C4 C5 Cé 119.5(3)
01 Cul C1 168.2(1) | C5 C6 Cc7 119.9(3)
02B Cul N3 79.9(3) C6 C7 C8 118.5(3)
02B Cul N4 100.5(3) | C7 C8 C9 118.7(3)
02B Cul Cl 119.4(3) | N3 Cc9 C8 123.1(3)
N3 Cul N4 175.2(1) | N2 C10 C11 114.2(3)
N3 Cul Cl 88.1(1) N4 C11 C10 119.3(3)
N4 Cul C1 87.5(1) N4 Cl1 C12 121.4(3)
Cul 01 C16 119.0(2) | C10 Cl1 C12 119.1(3)
Cul 02B C16 78.8(6) Cl1 C12 C13 119.8(4)
Cl N1 Cc2 110.9(3) | C12 C13 Cl4 118.9(4)
C1 N1 C4 122.7(3) | C13 C14 C15 118.7(4)
Cc2 N1 C4 126.4(3) | N4 Ci15 Cl4 123.1(3)
Cl N2 C3 111.03) |01 C16 02B 110.2(7)
Cl N2 C10 122.7(3) | O1 C16 C17 115.8(4)
C3 N2 C10 125.9(3) | 02B C16 C17 133.0(7)
Cul N3 C5 125.8(2) | Cul N4 C15 118.9(2)
Cul N3 C9 115.3(2) | C11 N4 C15 118.2(3)
C5 N3 C9 118.2(3) | Cul C1 N1 127.9(2)
Cul N4 Cl11 122.8(2)
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Structural information for 4

144615

€13 I

Space group | P 2/c
Cell lengths | a 11.5626(3)
b 8.4390(2)
¢ 16.3796(4)
Cell angles o 90
B 90.4510(10)
y 90
Cell volume | 1598.22
7,7 Z:27".05
R-factor (%) | 3.4

Bond lengths in 4

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
Cul Cl1 2.3256(7) C18 C19 1.386(5)
Cul CI2 2.2690(7) Cul Cl1 2.3256(7)
Cul CI3 2.2991(7) Cul ClI2 2.2690(7)
Cul N3 2.048(2) Cul CI3 2.2991(7)
Cul Cl1 2.6753(6) Cul N3 2.048(2)
[ Cul 2.6753(6) N1 C1 1.342(4)
N1 C1 1.342(4) N1 C3 1.389(3)
N1 C3 1.389(3) N1 Cs8 1.460(4)
N1 C8 1.460(4) N2 C1 1.332(4)
N2 C1 1.332(4) N2 C2 1.389(4)
N2 C2 1.389(4) N2 C14 1.463(4)
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N2 Cl14 1.463(4) N3 C9 1.354(3)

N3 C9 1.354(3) N3 C13 1.341(4)

N3 C13 1.341(4) N4 C15 1.348(4)

N4 C15 1.348(4) N4 C19 1.324(4)

N4 C19 1.324(4) c2 C3 1.399(4)

Cc2 C3 1.399(4) Cc2 c7 1.391(4)

Cc2 C7 1.391(4) C3 C4 1.393(4)

C3 C4 1.393(4) C4 C5 1.385(4)

C4 C5 1.385(4) C5 Cé6 1.411(4)

C5 Cé 1.411(4) C6 c7 1.380(4)

Cé6 Cc7 1.380(4) C8 C9 1.506(4)

C8 C9 1.506(4) C9 C10 1.384(4)

C9 C10 1.384(4) C10 Cl1 1.389(4)
C10 Cl1 1.389(4) Cl1 C12 1.382(4)
Cl1 C12 1.382(4) C12 C13 1.386(4)
C12 C13 1.386(4) C14 C15 1.510(4)
Cl14 C15 1.510(4) Ci15 C16 1.381(4)
C15 C16 1.381(4) C16 C17 1.416(4)
C16 C17 1.416(4) C17 C18 1.375(5)
C17 C18 1.375(5) C18 C19 1.386(5)
Bonds angles in 4

Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cl1 Cul CI2 92.21(2) |Cl1 Cul Cl1 90.94(2)
Cl1 Cul CI3 166.70(3) | Cl1 Cul Cl2 95.83(2)
Cl1 Cul N3 88.46(6) | Cl1 Cul CI3 101.74(2)
Cl1 Cul Cl1 90.94(2) |Cl1 Cul N3 96.43(6)
Cl2 Cul CI3 90.50(3) | Cl1 Cul Cl2 92.21(2)
Cl2 Cul N3 167.71(7) | Cl1 Cul CI3 166.70(3)
Cl2 Cul Cl1 95.83(2) |Cl1 Cul N3 88.46(6)
CI3 Cul N3 86.16(6) | CI2 Cul CI3 90.50(3)
CI3 Cul Cl1 101.74(2) | CI2 Cul N3 167.71(7)
N3 Cul Cl1 96.43(6) | CI3 Cul N3 86.16(6)
Cul Cl1 Cul 89.06(2) | Cul Cl1 Cul 89.06(2)
Cl N1 Cc3 108.7(2) |C1 N1 C3 108.7(2)
C1 N1 C8 126.6(2) | C1 N1 C8 126.6(2)
C3 N1 Cc8 124.7(2) | C3 N1 C8 124.7(2)
C1 N2 C2 108.9(2) |C1 N2 C2 108.9(2)
C1 N2 Cl14 126.3(2) |C1 N2 C14 126.3(2)
Cc2 N2 Cl4 124.7(2) | C2 N2 Cl14 124.7(2)
Cul N3 Cc9 121.2(2) | Cul N3 C9 121.2(2)
Cul N3 C13 120.1(2) | Cul N3 C13 120.1(2)
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c9 N3 C13 118.4(2) | C9 N3 C13 118.4(2)
C15 N4 C19 118.2(3) | C15 N4 C19 118.2(3)
N1 C1 N2 109.5(2) | N1 C1 N2 109.5(2)
N2 c2 Cc3 106.6(2) | N2 C2 Cc3 106.6(2)
N2 c2 c7 131.5(3) | N2 C2 c7 131.5(3)
C3 c2 c7 122.03) | C3 C2 c7 122.03)
N1 C3 c2 106.3(2) | N1 C3 c2 106.3(2)
N1 C3 c4 131.8(3) | N1 C3 c4 131.8(3)
C2 C3 c4 121.93) | C2 C3 Cc4 121.9(3)
C3 [ Cc5 116.2(3) | C3 c4 [ 116.2(3)
c4 [ C6 121.8(3) | C4 [ [ 121.8(3)
[ 3 c7 121.93) | C5 3 c7 121.9(3)
c2 c7 [ 116.3(3) | C2 c7 [ 116.3(3)
N1 Ccs8 [ 113.02) | N1 Cc8 c9 113.0(2)
N3 C9 [ 115.3(2) | N3 c9 cs 115.3(2)
N3 c9 C10 121.73) | N3 c9 C10 121.7(3)
cs c9 C10 122.9(2) | C8 c9 C10 122.9(2)
[ C10 c1l 119.4(3) | C9 C10 c11 119.4(3)
C10 Cc11 c12 118.9(3) | C10 C11 c12 118.9(3)
c11 C12 C13 118.6(3) | C11 C12 C13 118.6(3)
N3 C13 c12 122.93) | N3 C13 c12 122.9(3)
N2 Cl4 C15 111.12) | N2 Cl4 C15 111.1(2)
N4 C15 Cl4 114.6(3) | N4 C15 Cl4 114.6(3)
N4 C15 C16 122.3(3) | N4 C15 C16 122.3(3)
Cl4 C15 C16 123.1(3) | Cl14 C15 C16 123.1(3)
C15 C16 c17 118.9(3) | C15 C16 c17 118.9(3)
C16 c17 C18 117.8(3) | C16 Cc17 C18 117.8(3)
c17 C18 C19 119.23) | C17 Ci18 C19 119.2(3)
N4 C19 C18 1235(3) | N4 C19 C18 123.5(3)
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Structural information for 5

Spacegroup |P1
Cell lengths | a 11.3768(5)
b 11.7673(5)
€ 12.2790(5)
Cell angles o 114.5110(10)
B 112.3100(10)
y 97.695(2)
Cell volume | 1298.19
7,7 247" 4
R-factor (%) | 4.61

Bond lengths in 5

Atom 1 Atom 2 Length Atom 1 Atom 2 Length

Cu01 Cu02 2.5221(9) Coom Co017 1.39(1)

Cu01 Cu03 2.5112(9) NOON Co1D 1.460(6)
Cu01 NOOC 2.172(5) NOON Co1L 1.370(9)
Cu01 NOOK 2.143(4) NOON COIN 1.372(8)
Cu01 co1 2.021(6) C000 cooy 1.386(9)
Cu01 COIN 2.032(5) N CO1H 1.465(8)
Cu02 Cu03 2.5144(9) N CO1IN 1.369(5)
Cu02 NOOI 2.155(4) N co1v 1.37(1)

Cu02 NO0O0J 2.164(6) C00Q C00S 1.391(4)
Cu02 co1 2.053(5) C00Q C015 1.512(7)
Cu02 Co10 2.027(5) COOR CO1F 1.507(9)
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Cu03 NOOD 2.154(3) C00S Co011 1.390(9)
Cu03 NOOF 2.144(6) Co0T CO1A 1.384(5)
Cu03 CO1N 2.020(5) Coou €00z 1.38(1)
Cu03 C010 2.032(5) Ccoou Co1D 1.513(8)
NOoC C000 1.342(8) coov Co013 1.351(8)
NOOC coow 1.342(6) coow CcoiB 1.387(8)
NOOD C00Q 1.341(7) coow CO1H 1.502(9)
NOOD CooT 1.352(7) C00X Co1C 1.389(7)
NOOE C018 1.454(5) Co0X CO1P 1.39(1)
NOOE C01M 1.383(7) cooy Co012 1.395(7)
NOOE C010 1.368(6) €00z C01G 1.39(1)
NOOF Coom 1.344(8) C010 Co018 1.509(8)
NOOF Ccoou 1.335(7) C010 CO1K 1.398(6)
NOOG C013 1.385(8) Cco11 CO1A 1.377(9)
NO0G C016 1.460(7) Co12 C01B 1.38(1)
NOOG co1 1.361(4) C014 Cco1uU 1.39(1)
NOOH C015 1.448(5) C016 coic 1.508(9)
NOOH C019 1.386(8) co17 C01G 1.38(1)
NOOH Co10 1.371(5) C019 COo1M 1.357(6)
NOOI C010 1.342(9) CO1E Co1l 1.386(7)
NOOI CO1R 1.340(8) CO1F co1T 1.40(1)
NO00J Co014 1.333(8) co1l Co1P 1.382(6)
NO00J CO1F 1.351(9) CO1K Co1wW 1.39(1)
NOOK Cco1C 1.338(5) Co1L cowv 1.370(9)
NOOK CO1E 1.354(8) C01Q CO1R 1.387(7)
NOOL COOR 1.465(6) C01Q coiw 1.37(1)
NOOL coov 1.388(7) Co01s co1T 1.38(1)
NOOL Cco1J 1.363(8) Co01s Co1uU 1.39(1)
Bonds angles in 5
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cu02 Cu01 Cu03 59.94(2) | CO1L NOON COIN 112.3(5)
Cu02 Cu01 NOOC 129.2(1) | NooC C000 cooy 122.8(6)
Cu02 Cu01 NOOK 124.8(1) | ColH N CO1N 122.0(5)
Cu02 Cu01 Cco1J 52.3(1) CO1H N co1v 125.4(5)
Cu02 Cu01 CO1N 111.3(1) [ COIN N [ 112.4(5)
Cu03 Cu01 NOOC 123.2(1) | NOOD C00Q C00S 122.3(5)
Cu03 Cu01 NOOK 127.9(1) | NOOD C00Q C015 117.6(4)
Cu03 Cu01 Cco1J 112.3(1) | C00S C00Q C015 120.0(4)
Cu03 Cu01 COIN 51.5(1) NOOL COOR CO1F 110.9(5)
NOOC Cu01 NOOK 93.8(2) C00Q C00s Co011 119.3(5)
NOOC Cu01 co1 100.6(2) | NOOD CcooT CO1A 123.2(5)

130



NOOC [ Cu0l COIN _ [933(2) | NOOF Co0U [ cCo00Z 123.2(5)
NOOK | Cu01 coLl 92.3(2) | NOOF CO0U | CO0ID | 115.6(5)
NOOK | Cu01 COIN | 96.2(2) | cC00Z CO0U | C0ID | 121.2(5)
Co1l Cu01 COIN 163.3(2) | NOOL Coov | Co013 105.9(5)
Cuo01 Cu02 Cu03 59.81(2) | NOOC | COOW | CO1B 122.1(5)
Cuo01 Cu02 NOOI 126.0(1) | NOOC | COOW | COIH 116.4(5)
Cuo01 Cu02 N00J 123.7(1) | C01B COOW | CO1H 121.4(5)
Cuo01 Cu02 coLl 51.2(1) | C01C C00X | co1P 119.5(5)
Cu01 Cu02 C010  |111.6(1) | CO0O | COOY | CO012 119.0(6)
Cu03 Cu02 NOOI 123.6(1) | COOU | C00Z C01G | 118.5(6)
Cu03 Cu02 N0OJ 126.9(1) | NOOI C010 Co18 116.3(5)
Cu03 Cu02 coLl 111.0(1) | NOOI C010 COlK | 122.7(5)
Cu03 Cu02 C010  |51.8(1) | cois C010 COIK | 120.9(5)
NOOI Cu02 N00J 97.1(2) | C00S Co11 COlA | 118.7(5)
NOOI Cu02 Co1l 97.4(2) | CooY | Co12 C01B 117.9(6)
NOOI Cu02 C010  |91.9(2) |NOOG | Co13 coov | 106.7(5)
N00J Cu02 coLl 93.8(2) | NOOJ co14 co1U 123.4(5)
N00J Cu02 C010  |99.7(2) |NOOH | Co15 C00Q | 112.0(4)
Co1J Cu02 C010 | 162.6(2) | NOOG | CO16 Co1C 112.7(4)
Cuo01 Cu03 Cu02 60.25(2) | COOM | C017 C01G | 118.8(7)
Cu01 Cu03 NOOD | 127.7(1) | NOOE Co18 C010 110.8(4)
Cuo01 Cu03 NOOF 126.4(1) | NOOH | C019 COIM | 106.3(5)
Cu01 Cu03 COIN _ |51.9(1) | Co0T COlA | cColl 118.8(5)
Cu01 Cu03 C010 _ [111.8(1) | COOW | CO1B co12 120.0(6)
Cu02 Cu03 NOOD | 122.7(1) | NOOK | COIC | COOX | 122.0(5)
Cu02 Cu03 NOOF 128.1(1) | NOOK | CO0IC | CO16 117.4(5)
Cu02 Cu03 COIN 112.1(1) | C00X | CO0IC | CO16 120.5(5)
Cu02 Cu03 C010 _ |516(1) |NOON [ COID | cCoou 109.0(4)
NOOD | Cu03 NOOF 93.8(2) | NOOK | CO1E coll 123.0(5)
NOOD | Cu03 COIN 101.7(2) | N0OJ CO1F COOR 116.5(5)
NOOD | Cu03 C010 | 93.1(2) | NO0OJ CO1F coiT 123.1(6)
NOOF Cu03 COIN | 92.1(2) | COOR CO1F coiT 120.3(5)
NOOF Cu03 C010 | 956(2) | cC00Z C01G__ | co17 118.8(7)
COIN | Cu03 C010  |1629(2) |N COIH | COOW | 110.9(5)
Cuo01 NOOC | C000 | 119.6(4) | CO1E coll co1p 118.4(5)
Cuo01 NOOC | COOW | 121.9(4) | Cu0l CoLl Cu02 76.5(2)

C000 | NOOC | COOW | 118.2(5) | Cu01 coLl NOOG | 114.9(4)
Cu03 NOOD | C00Q | 122.3(4) | Cu0l coLl NOOL 124.3(4)
Cu03 NOOD | COOT 119.9(4) | Cu02 coLl NOOG | 124.8(4)
C00Q | NOOD | COOT 117.6(5) | Cu02 coLl NOOL 113.7(4)
Co18 NOOE | COIM | 1249(5) |NOOG | COLJ NOOL 102.9(4)
Co18 NOOE | C010 | 122.6(4) | C010 COIK | COIW | 118.7(6)
COIM | NOOE | CO010  |112.2(5) | NOON | COIL COLV | 106.4(6)
Cu03 NOOF COOM | 119.3(4) | NOOE CoIM | C019 106.6(5)
Cu03 NOOF coou 122.6(4) | Cu01 COIN | Cu03 76.6(2)
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COOM | NOOF Ccoou 118.1(5) | Cu01 COIN NOON [ 124.4(4)
C013 NOOG | C016 124.6(5) | Cu0l COIN N 114.7(3)
C013 NOOG | COLJ 112.1(5) | Cu03 COIN NOON | 114.2(3)
Co16 NOOG | CO1J 123.2(4) | Cu03 COIN N 124.6(4)
Co15 NOOH | C019 124.9(4) |[NOON | COIN N 102.7(4)
Co15 NOOH | C010 | 122.7(4) | Cu02 C010 | Cu03 76.6(2)
C019 NOOH | C010 | 112.1(4) | Cu02 C010 | NOOE 115.7(3)
Cu02 NOOI C010 122.3(4) | Cu02 C010 | NOOH | 126.6(3)
Cu02 NOOI CO1R 120.5(4) | Cu03 C010 | NOOE 121.2(4)
C010 NOOI CO1R 117.2(5) | Cu03 C010 | NOOH | 113.9(3)
Cu02 N00J Co14 120.9(4) | NOOE C010 | NOOH | 102.8(4)
Cu02 N00J COLF 121.6(4) | COOX | CO1P coll 118.9(6)
Co14 N00J CO1F 117.5(5) | COIR C01Q | COIW | 119.0(6)
Cu01 NOOK | C0IC 122.0(4) | NOOI CO1R C01Q | 1235(6)
Cuo01 NOOK | CO1E 119.3(4) | Co1T Co01S Co1U 119.2(6)
coiC NOOK | CO1E 118.1(5) | COIF Co1T Co1sS 118.4(6)
COOR NOOL | COOV | 124.0(5) | COl4 ColU | cois 118.4(6)
COOR NOOL | CO1J 1232(5) | N COlV | CoiL 106.2(6)
Co0V | NOOL | colJ 112.3(5) | COIK | COIW | CO1Q | 118.8(6)
NOOF CoOM | Co17 122.5(6) | O00B | C020 COLX | 88.0(9)
C0ID | NOON | COlL 124.3(5) | N01Z coly |c1 179(1)
C0ID | NOON | COIN 122.6(4)
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Structural information for 6

Spacegroup |P 21212
Cell lengths | 2 8.2819(3)
b 13.1635(5)
¢ 15.8805(6)
Cell angles a 90
B 90
v 90
Cell volume | 1731.27
7,7 Z.47"1
R-factor (%) |2.14

Bond lengths in 6

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
Nil Cl1 2.2608(7) N4 C11 1.348(3)
Nil CI2 2.2458(7) N4 C15 1.342(3)
Nil CI3 2.2476(6) C2 C3 1.357(3)
Nil N4 2.030(2) C4 C5 1.507(3)
N1 C1 1.329(3) C5 C6 1.393(3)
N1 C2 1.379(3) C6 C7 1.378(4)
N1 C4 1.464(3) c7 C8 1.385(4)
N2 C1 1.326(3) Cs8 C9 1.384(4)
N2 C3 1.382(3) C10 c1u1 1.509(3)
N2 C10 1.470(3) Cl1 Ci12 1.393(3)
N3 C5 1.339(3) C12 C13 1.382(3)
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N3 C9 1.338(3) C13 C14 1.384(4)
C14 C15 1.384(3)

Bonds angles in 6
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cl1 Nil CI2 107.24(3) | N1 C2 C3 106.8(2)
cli Nil CI3 115.50(2) | N2 C3 C2 106.6(2)
cli Nil N4 105.04(5) | N1 C4 C5 112.0(2)
CI2 Nil CI3 118.84(3) | N3 C5 C4 117.3(2)
CI2 Nil N4 102.07(5) | N3 C5 C6 122.8(2)
CI3 Nil N4 106.41(5) | C4 C5 C6 119.8(2)
C1 N1 C2 109.1(2) C5 C6 C7 118.7(2)
C1l N1 C4 124.6(2) C6 C7 C8 119.0(2)
C2 N1 C4 126.3(2) Cc7 C8 C9 118.4(2)
C1 N2 C3 109.2(2) N3 C9 C8 123.5(2)
C1 N2 C10 125.6(2) | N2 C10 C11 109.2(2)
C3 N2 C10 125.1(2) | N4 Ci11 C10 118.6(2)
C5 N3 C9 117.5(2) | N4 Ci11 C12 121.5(2)
Nil N4 Ci11 124.0(1) C10 Cl1 C12 119.9(2)
Nil N4 C15 117.5(1) C11 C12 C13 119.6(2)
Ci11 N4 C15 118.4(2) [cC12 C13 C14 118.7(2)
N1 C1 N2 108.3(2) C13 C14 C15 118.9(2)
N4 C15 Cil4 122.9(2)
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Structural information for 7

Space group | P 24/n

Cell lengths | a 12.5284(6)
b 12.9661(5)
¢ 15.6660(7)

Cell angles o 90
B 112.876(2)
y 90

Cell volume | 2344.7

7,7 Z.47"1

R-factor (%) |4.51

Bond lengths in 7

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
Cul Cl1 2.5503(7) C9 C10 1.392(3)
Cul o1 1.975(2) C9 Cs8 1.509(3)
Cul 02 2.728(3) C13 C12 1.386(4)
Cul NO006 2.108(2) C2 C3 1.396(3)
Cul NO007 2.127(2) C2 c7 1.390(3)
Cul C1 1.929(2) C15 C14 1.506(4)
o1 C20 1.263(3) C15 C16 1.392(3)
N004 C1 1.352(2) C10 C11 1.374(4)
N004 C3 1.393(3) C3 C4 1.394(3)
N004 C8 1.456(3) C12 C11 1.398(3)
02 C20 1.246(3) C20 C22 1.509(5)
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NO006 C9 1.353(2) C19 C18 1.385(4)
NO06 C13 1.337(3) c7 C6 1.392(3)
NO007 C15 1.347(3) C4 C5 1.387(4)
NO007 C19 1.345(3) C5 C6 1.400(3)
N008 C1 1.341(3) C16 C17 1.379(4)
N008 C2 1.397(3) C18 C17 1.378(4)
N008 C14 1.456(2)
Bonds angles in 7
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cl1 Cul 01 93.69(5) | C10 C9 C8 119.9(2)
Cl1 Cul 02 146.49(5) | NOO6 C13 Ci12 123.6(2)
Cl1 Cul NO006 94.68(6) | Cul C1 N004 127.3(2)
Cl1 Cul NO0O07 91.29(6) | Cul C1 N008 125.7(2)
Cl1 Cul C1 103.98(7) | N004 C1 NO008 107.0(2)
o1 Cul 02 53.12(7) | N0O8 c2 C3 105.6(2)
o1 Cul NO006 90.71(7) | Noo8 C2 C7 132.1(2)
01 Cul NO0O07 94.48(7) | C3 Cc2 C7 122.3(2)
o1 Cul C1 162.30(9) | NOO7 Ci15 Cl14 118.8(2)
02 Cul NO006 82.63(7) | Noo7 C15 C16 122.4(2)
02 Cul NO007 95.44(7) | C14 C15 C16 118.9(2)
02 Cul C1 109.19(8) | N008 C14 C15 111.5(2)
NO006 Cul NO007 171.83(8) | C9 C10 Cl1 119.8(2)
NO006 Cul C1 86.83(9) | N004 C3 C2 106.4(2)
NO007 Cul C1 86.31(9) | N004 C3 C4 131.8(2)
Cul o1 C20 109.2(2) | C2 C3 C4 121.8(2)
C1 N004 C3 110.2(2) | C13 C12 c11 117.6(2)
C1 NO004 C8 122.5(2) |01 C20 02 123.3(2)
C3 N004 C8 127.3(2) |01 C20 C22 115.9(3)
Cul 02 C20 74.1(2) 02 C20 C22 120.8(3)
Cul NO006 C9 124.4(2) | NoO7 C19 C18 122.9(2)
Cul NO006 C13 116.4(2) | C2 C7 C6 115.9(2)
C9 NO006 C13 118.3(2) | C3 C4 C5 115.9(2)
Cul NO07 C15 121.8(2) |c4 C5 C6 122.3(2)
Cul NO007 C19 120.6(2) | C15 C16 C17 119.2(2)
C15 NO007 C19 117.6(2) | C10 Ci11 C12 119.2(2)
C1 NO008 C2 110.9(2) | N00O4 Cs8 C9 112.1(2)
C1 N008 C14 120.8(2) | C7 C6 C5 121.8(2)
C2 NO08 C14 128.3(2) | C19 C18 C17 119.0(2)
NO006 C9 C10 121.3(2) | C16 C17 C18 118.8(2)
NO006 C9 C8 118.7(2)
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Structural information for 8

Space group | P 24/n
Cell lengths | a 12.0206(4)
b 13.4929(4)
¢ 15.8346(5)
Cell angles o 90
B 111.5230(10)
y 90
Cell volume | 2389.17
7,7 Z.47"1
R-factor (%) | 4.6

Bond lengths in 8

Atom 1 Atom 2 Length Atom 1 Atom 2 Length

Nil Cl1 2.4081(6) C3 C4 1.392(3)
Nil o1 2.196(2) C4 C5 1.393(3)
Nil 02 2.099(2) C5 C6 1.403(3)
Nil N3 2.179(2) C6 C7 1.388(3)
Nil N4 2.168(2) C8 C9 1.512(3)
Nil C1 1.970(2) C9 C10 1.393(3)
o1 C20 1.261(2) C10 C11 1.385(4)
02 C20 1.265(3) c11 C12 1.380(4)
N1 C1 1.348(3) C12 C13 1.388(3)
N1 C3 1.394(2) C14 C15 1.512(3)
N1 C8 1.459(2) C15 C16 1.384(3)
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N2 C1 1.348(2) C16 C17 1.383(3)
N2 C2 1.385(3) C17 C18 1.385(3)
N2 C14 1.468(3) C18 C19 1.391(3)
N3 C9 1.350(3) C20 C21 1.508(4)
N3 C13 1.344(3) 03 C23 1.405(4)
N4 C15 1.358(2) 03 C24 1.412(5)
N4 C19 1.341(3) C22 C23 1.522(6)
C2 C3 1.399(3) C24 C25 1.509(6)
Cc2 c7 1.399(2)

Bonds angles in 8
Atom 1 Atom 2 Atom 3 Angle Atom 1 | Atom 2 | Atom 3 | Angle
Cl1 Nil 01 153.41(5) N2 Cc2 C3 105.9(2)
Cl1 Nil 02 92.14(5) N2 Cc2 C7 132.2(2)
Cl1 Nil N3 91.14(5) C3 C2 c7 121.9(2)
Cl1 Nil N4 93.04(5) N1 C3 C2 105.5(2)
Cl1 Nil C1 101.21(6) N1 C3 C4 132.4(2)
01 Nil 02 61.27(6) Cc2 C3 C4 122.1(2)
01 Nil N3 92.83(6) C3 C4 C5 116.1(2)
01 Nil N4 87.11(7) C4 C5 C6 121.9(2)
01 Nil Cl 105.34(7) C5 Cé6 c7 122.1(2)
02 Nil N3 97.72(7) Cc2 c7 Cé 116.0(2)
02 Nil N4 90.37(7) N1 C8 C9 112.3(2)
02 Nil Cl 166.42(8) N3 C9 C8 119.0(2)
N3 Nil N4 170.75(7) N3 C9 C10 122.2(2)
N3 Nil Cl 84.62(8) C8 C9 C10 118.8(2)
N4 Nil Cl 86.47(8) C9 C10 C11 119.2(2)
Nil 01 C20 86.9(1) C10 Cl1 C12 119.0(2)
Nil 02 C20 91.2(1) Cl1 C12 C13 118.6(2)
Cl N1 C3 111.2(2) N3 C13 C12 123.3(2)
C1 N1 C8 120.8(2) N2 Cl4 Ci15 111.7(2)
C3 N1 C8 127.7(2) N4 C15 C14 118.5(2)
C1 N2 Cc2 111.5(2) N4 C15 C16 122.0(2)
C1 N2 C14 121.2(2) Cl14 C15 C16 119.4(2)
Cc2 N2 C14 127.3(2) C15 C16 C17 119.4(2)
Nil N3 Cc9 122.2(1) C16 C17 C18 119.2(2)
Nil N3 C13 120.1(1) C17 C18 C19 118.2(2)
C9 N3 C13 117.7(2) N4 C19 C18 123.3(2)
Nil N4 C15 122.9(1) 01 C20 02 120.3(2)
Nil N4 C19 118.2(1) 01 C20 c21 121.0(2)
C15 N4 C19 117.8(2) 02 C20 Cc21 118.7(2)
Nil Cl N1 126.5(2) C23 03 C24 111.6(3)
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Nil

C1

N2

127.6(2)

03

C23

C22

108.2(3)

N1

C1

N2

105.8(2)

03

C24

C25

108.7(3)
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Structural information for 9

@.03

Space group | P 24/n

Cell lengths | 2 13.917(1)
b 18.8769(13)
¢ 15.225(1)

Cell angles o 90
B 91.848(3)
y 90

Cell volume | 3997.57

7,7 Z:127'.0.25

R-factor (%) | 27.32

Bond lengths in 9

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
NI101 NO004 1.9657 cool CoopP 1.3897
NI01 NO007 1.9481 cool C00X 1.3823
NI101 COON 1.8528 C00J CoopP 1.3957
NI101 Co000 1.8702 C00J C013 1.3856
N004 Coom 1.3544 CO0K coov 1.3868
N004 COOR 1.3331 CO0K Co1B 1.4070
NO006 cool 1.3983 coom coou 1.4867
NO006 Co0o 1.3522 coom C015 1.3833
NO006 CooT 1.4506 C00Q CooT 1.4975
NO007 cooL 1.3412 C00Q C014 1.3704
NO007 C00Q 1.3661 COOR C00z 1.3982
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N008 C000 1.3450 C00S cooy 1.5152
N008 CoopP 1.4186 C00S C012 1.3668
NO08 CooY 1.4650 coov CO1E 1.3630
N009 C00G 1.4331 coow Co011 1.3481
N009 COoK 1.4040 coow Co017 1.3887
N009 COON 1.3848 C00X Co18 1.3841
NOOB COON 1.3113 €00z CO1A 1.3607
NOOB CooU 1.4789 C010 C016 1.3826
NOOB coov 1.3896 Cco11 Co012 1.3796
NOoC C00S 1.3429 Co013 Co18 1.4251
NOOC C017 1.3524 C014 coic 1.4029
NOOD COOH 1.3304 C015 CO1A 1.3878
NOOD C01D 1.3435 C016 Co019 1.3768
COOF CcooL 1.3882 C019 C01D 1.3536
COOF Cco1C 1.3574 C01B CO1F 1.3599
C00G COOH 1.4985 CO1E C01G 1.3497
COOH C010 1.3842 CO1F C01G 1.4319
Bonds angles in 9
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
NO004 NI101 NO0O07 93.49 NI101 COON N00B 123.74
N004 NI01 COON 85.90 N009 COON NOOB 106.75
NO04 N101 C000 176.17 N101 C000 NO006 119.74
NO007 NI01 COON 174.27 NI01 C000 NO008 132.97
NO007 NI01 C000 88.18 NO006 C000 NO008 107.24
COON NI01 C000 92.78 NO008 COooP cool 106.60
NI101 N004 CooM 120.41 NO008 COooP C00J 130.33
NI01 N004 COOR 121.14 cool CoopP C00J 123.03
CooMm N004 COOR 118.45 NO007 C00Q CooT 117.28
cool NO006 C000 110.98 NO007 C00Q Co014 121.25
cool NO006 CooT 126.91 CooT C00Q Co014 12141
C000 NO006 CooT 121.94 N004 COOR €00z 121.94
NI101 NO007 cooL 120.95 NOOC C00s cooy 117.07
NI101 NOO07 C00Q 120.77 NOOC C00S C012 122.87
CooL NO007 C00Q 118.26 cooy C00s C012 120.02
C000 NO008 CooP 109.55 NO006 cooT C00Q 109.95
C000 NO008 cooy 126.78 NOOB coou Coom 107.87
CoopP N008 cooy 123.48 NOOB coov COoK 103.64
C00G NO009 COOK 125.11 NOOB coov CO1E 135.76
C00G NO009 COON 126.81 COOK coov CO1E 120.59
COoK NO009 COON 107.28 Co011 coow C017 118.81
COON NOOB Ccoou 119.42 cool C00X Co018 117.54
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COON NOOB coov 113.53 N008 cooy CO00S 113.42
Ccoou NOOB coov 124.70 COOR Co0z CO1A 120.03
C00S NOOC C017 117.58 COOH C010 CO016 117.74
CooL COOF Co1C 118.89 Coow Co11 C012 120.13
NO009 C00G CO0H 110.39 C00S co12 Co11 118.47
NOOD COoH C00G 115.39 C00J Cco13 C018 123.36
NOOD COoH C010 123.58 Co0Q Cco14 Co1C 119.54
C00G COOH C010 120.92 CoomMm C015 CO1A 120.01
N006 cool C0oopP 105.62 C010 C016 C019 119.52
NO006 Cool C00X 132.74 NOOC co17 Coow 121.98
CooP Cool C00X 121.64 CooxX co18 C013 119.81
CooP Co00J C013 114.59 C016 C019 C01D 118.04
N009 COOK coov 108.68 C00Z CO1A C015 118.00
N009 COOK CoiB 129.48 COOK Co1B CO1F 115.23
coov COOK CoiB 121.82 COOF coic C014 119.20
NO007 CcooL COOF 122.82 NOOD Co1D C019 124.61
N004 CooM Coou 118.15 coov CO1E C01G 120.55
N004 coomMm C015 121.50 CcoiB CO1F C01G 123.70
CcoouU CoomMm C015 120.26 COl1E C01G CO1F 118.09
NI01 COON NO009 128.34
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Structural information for 10

Space group | P 24/c

Cell lengths | a 10.1136(3)
b 13.6081(4)
¢ 13.8942(5)

Cell angles o 90
B 92.5610(10)
y 90

Cell volume | 1910.31

7,7 Z.47"1

R-factor (%) |5.39

Bond lengths in 10

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
Cul Cl1 2.3256(7) C18 C19 1.386(5)
Cul CI2 2.2690(7) Cul Cl1 2.3256(7)
Cul CI3 2.2991(7) Cul ClI2 2.2690(7)
Cul N3 2.048(2) Cul CI3 2.2991(7)
Cul Cl1 2.6753(6) Cul N3 2.048(2)
[ Cul 2.6753(6) N1 C1 1.342(4)
N1 C1 1.342(4) N1 C3 1.389(3)
N1 C3 1.389(3) N1 Cs8 1.460(4)
N1 C8 1.460(4) N2 C1 1.332(4)
N2 C1 1.332(4) N2 C2 1.389(4)
N2 C2 1.389(4) N2 C14 1.463(4)
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N2 Cl14 1.463(4) N3 C9 1.354(3)

N3 C9 1.354(3) N3 C13 1.341(4)

N3 C13 1.341(4) N4 C15 1.348(4)

N4 C15 1.348(4) N4 C19 1.324(4)

N4 C19 1.324(4) c2 C3 1.399(4)

Cc2 C3 1.399(4) Cc2 c7 1.391(4)

Cc2 C7 1.391(4) C3 C4 1.393(4)

C3 C4 1.393(4) C4 C5 1.385(4)

C4 C5 1.385(4) C5 Cé6 1.411(4)

C5 Cé 1.411(4) C6 c7 1.380(4)

Cé6 Cc7 1.380(4) C8 C9 1.506(4)

C8 C9 1.506(4) C9 C10 1.384(4)

C9 C10 1.384(4) C10 Cl1 1.389(4)
C10 Cl1 1.389(4) Cl1 C12 1.382(4)
Cl1 C12 1.382(4) C12 C13 1.386(4)
C12 C13 1.386(4) C14 C15 1.510(4)
Cl14 C15 1.510(4) Ci15 C16 1.381(4)
C15 C16 1.381(4) C16 C17 1.416(4)
C16 C17 1.416(4) C17 C18 1.375(5)
C17 C18 1.375(5) C18 C19 1.386(5)
Bonds angles in 10

Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cl1 Cul CI2 92.21(2) |Cl1 Cul Cl1 90.94(2)
Cl1 Cul CI3 166.70(3) | Cl1 Cul Cl2 95.83(2)
Cl1 Cul N3 88.46(6) | Cl1 Cul CI3 101.74(2)
Cl1 Cul Cl1 90.94(2) |Cl1 Cul N3 96.43(6)
Cl2 Cul CI3 90.50(3) | CI1 Cul Cl2 92.21(2)
Cl2 Cul N3 167.71(7) | Cl1 Cul CI3 166.70(3)
Cl2 Cul Cl1 95.83(2) |Cl1 Cul N3 88.46(6)
CI3 Cul N3 86.16(6) | CI2 Cul CI3 90.50(3)
CI3 Cul Cl1 101.74(2) | CI2 Cul N3 167.71(7)
N3 Cul Cl1 96.43(6) | CI3 Cul N3 86.16(6)
Cul Cl1 Cul 89.06(2) | Cul Cl1 Cul 89.06(2)
Cl N1 Cc3 108.7(2) |C1 N1 C3 108.7(2)
C1 N1 C8 126.6(2) | C1 N1 C8 126.6(2)
C3 N1 Cc8 124.7(2) | C3 N1 C8 124.7(2)
C1 N2 C2 108.9(2) |C1 N2 C2 108.9(2)
C1 N2 Cl14 126.3(2) |C1 N2 C14 126.3(2)
Cc2 N2 Cl4 124.7(2) | C2 N2 Cl14 124.7(2)
Cul N3 Cc9 121.2(2) | Cul N3 C9 121.2(2)
Cul N3 C13 120.1(2) | Cul N3 C13 120.1(2)
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c9 N3 C13 118.4(2) | C9 N3 C13 118.4(2)
C15 N4 C19 118.2(3) | C15 N4 C19 118.2(3)
N1 C1 N2 109.5(2) | N1 C1 N2 109.5(2)
N2 c2 Cc3 106.6(2) | N2 C2 Cc3 106.6(2)
N2 c2 c7 131.5(3) | N2 C2 c7 131.5(3)
C3 c2 c7 122.03) | C3 C2 c7 122.03)
N1 C3 c2 106.3(2) | N1 C3 c2 106.3(2)
N1 C3 c4 131.8(3) | N1 C3 c4 131.8(3)
C2 C3 c4 121.93) | C2 C3 Cc4 121.9(3)
C3 [ Cc5 116.2(3) | C3 c4 [ 116.2(3)
c4 [ C6 121.8(3) | C4 [ [ 121.8(3)
[ 3 c7 121.93) | C5 3 c7 121.9(3)
c2 c7 [ 116.3(3) | C2 c7 [ 116.3(3)
N1 Ccs8 [ 113.02) | N1 Cc8 c9 113.0(2)
N3 C9 [ 115.3(2) | N3 c9 cs 115.3(2)
N3 c9 C10 121.73) | N3 c9 C10 121.7(3)
cs c9 C10 122.9(2) | C8 c9 C10 122.9(2)
[ C10 c1l 119.4(3) | C9 C10 c11 119.4(3)
C10 Cc11 c12 118.9(3) | C10 C11 c12 118.9(3)
c11 C12 C13 118.6(3) | C11 C12 C13 118.6(3)
N3 C13 c12 122.93) | N3 C13 c12 122.9(3)
N2 Cl4 C15 111.12) | N2 Cl4 C15 111.1(2)
N4 C15 Cl4 114.6(3) | N4 C15 Cl4 114.6(3)
N4 C15 C16 122.3(3) | N4 C15 C16 122.3(3)
Cl4 C15 C16 123.1(3) | Cl14 C15 C16 123.1(3)
C15 C16 c17 118.9(3) | C15 C16 c17 118.9(3)
C16 c17 C18 117.8(3) | C16 Cc17 C18 117.8(3)
c17 C18 C19 119.23) | C17 Ci18 C19 119.2(3)
N4 C19 C18 1235(3) | N4 C19 C18 123.5(3)
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Structural information for 11

€23

S

©30

KCl

14

(19N

7¢l6
fe33 IC9
P €I5

Spacegroup |P2;
Cell lengths | a 8.4285(6)

b 22.1022(15)

¢ 10.3208(7)
Cell angles a 90

B 97.424(3)

v 90
Cell volume | 1906.53
7,7 Z.47"2
R-factor (%) | 5.87

Bond lengths in 11

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
Nil Cl1 2.330(3) c7 C8 1.40(2)
Nil Cl2 2.313(4) C8 C9 1.39(2)
Nil CI3 2.463(3) C10 Cl1 1.39(2)
Nil Cl4 2.378(4) Cl1 C12 1.40(2)
Nil N3 2.06(1) C12 C13 1.36(2)
Ni2 CI3 2.383(4) C13 Cl4 1.37(2)
Ni2 Cl4 2.451(3) C15 C16 1.40(2)
Ni2 CI5 2.317(3) C16 C17 1.42(2)
Ni2 Clé 2.312(4) C17 C18 1.37(2)
Ni2 N7 2.05(1) C18 C19 1.37(2)
N1 C1 1.46(1) C20 C29 1.53(2)
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N1 C3 1.35(2) C21 C34 1.51(2)

N1 C5 1.39(1) C23 C24 1.41(2)

N2 C2 1.47(2) C23 C28 1.38(2)

N2 C3 1.34(1) C24 C25 1.37(2)

N2 C4 1.40(2) C25 C26 1.39(2)

N3 C10 1.36(2) C26 c27 1.43(2)

N3 Cl14 1.36(2) c27 C28 1.39(2)

N4 C15 1.33(2) C29 C30 1.39(2)

N4 C19 1.35(2) C30 C31 1.38(2)

N5 C20 1.46(1) C31 C32 1.40(2)

N5 C22 1.32(2) C32 C33 1.39(2)

N5 C24 1.40(1) C34 C35 1.40(2)

N6 Cc21 1.45(2) C35 C36 1.37(2)

N6 C22 1.33(1) C36 C37 1.40(2)

N6 C23 1.39(2) C37 C38 1.39(2)

N7 C29 1.35(2) Cc2 C15 1.53(2)

N7 C33 1.34(2) C4 C5 1.39(2)

N8 C34 1.35(2) C4 C9 1.40(1)

N8 C38 1.34(2) C5 C6 1.41(2)

C1 C10 1.50(2) Cé6 c7 1.38(2)
Bonds angles in 11

Atom1l |Atom2 | Atom3 | Angle Atom 1 Atom2 | Atom3 | Angle

Cl1 Nil CI2 92.6(1) Cl1 Nil ClI2 92.6(1)

Cl1 Nil CI3 171.7(1) |Cl1 Nil CI3 171.7(1)

Cl1 Nil Cl4 90.4(1) Cl1 Nil Cl4 90.4(1)

Cl1 Nil N3 94.2(3) Cl1 Nil N3 94.2(3)

Cl2 Nil CI3 88.5(1) Cl2 Nil CI3 88.5(1)

Cl2 Nil Cl4 139.4(1) | CI2 Nil Cl4 139.4(1)

Cl2 Nil N3 107.6(3) | CI2 Nil N3 107.6(3)

CI3 Nil Cl4 83.4(1) CI3 Nil Cl4 83.4(1)

CI3 Nil N3 93.3(3) CI3 Nil N3 93.3(3)

Cl4 Nil N3 112.5(3) | Cl4 Nil N3 112.5(3)

CI3 Ni2 Cl4 83.6(1) CI3 Ni2 Cl4 83.6(1)

CI3 Ni2 Cl5 90.2(1) CI3 Ni2 CI5 90.2(1)

CI3 Ni2 Cl6 139.1(1) | CI3 Ni2 Cl6 139.1(1)

CI3 Ni2 N7 112.8(3) | CI3 Ni2 N7 112.8(3)

Cl4 Ni2 Cl5 171.6(1) |Cl4 Ni2 CI5 171.6(1)

Cl4 Ni2 Cl6 88.6(1) Cl4 Ni2 Cl6 88.6(1)

Cl4 Ni2 N7 93.8(3) Cl4 Ni2 N7 93.8(3)

Cl5 Ni2 Cl6 92.5(1) Cl5 Ni2 Cl6 92.5(1)

Cl5 Ni2 N7 93.8(3) Cl5 Ni2 N7 93.8(3)
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Cl6 Ni2 N7 107.7(3) | Cl6 Ni2 N7 107.7(3)
Nil CI3 Ni2 96.3(1) | Nil ci3 Ni2 96.3(1)
Nil cla Ni2 96.7(1) | Nil cl4 Ni2 96.7(1)
[ N1 c3 126(1) |c1 N1 C3 126(1)
[ N1 c5 125(1) | cC1 N1 [ 125(1)
C3 N1 c5 109(1) [ cC3 N1 [ 109(1)
c2 N2 C3 122(0)  [c2 N2 C3 122(1)
c2 N2 c4 128(1) | C2 N2 C4 128(1)
C3 N2 [ 109(1) | cC3 N2 C4 109(1)
Nil N3 C10 130.2(9) | Nil N3 C10 130.2(9)
Nil N3 Cl4 112.5(8) | Nil N3 Cl4 112.5(8)
C10 N3 Cl4 117(1) [ C10 N3 Cl4 117(1)
C15 N4 C19 118(1) | C15 N4 C19 118(1)
C20 N5 c22 125(1) | C20 N5 c22 125(1)
C20 N5 C24 126(1) | C20 N5 C24 126(1)
c22 N5 C24 108(1) | C22 N5 C24 108(1)
c21 N6 c22 123(1) | cal N6 c22 123(1)
c21 N6 c23 126(1) | cal N6 C23 126(1)
c22 N6 C23 109(1) | C22 N6 c23 109(1)
Ni2 N7 C29 129.9(9) | Ni2 N7 C29 129.9(9)
Ni2 N7 C33 111.5(9) | Ni2 N7 C33 111.5(9)
C29 N7 C33 118(1) | C29 N7 C33 118(1)
C34 N8 C38 116(1) [ cC34 N8 C38 116(1)
N1 c1 C10 113(1) | N1 C1 C10 113(1)
N2 C2 C15 111 | N2 c2 C15 111(1)
N1 Cc3 N2 109(1) | N1 C3 N2 109(1)
N2 [ c5 106(1) | N2 c4 [ 106(1)
N2 [ c9 132(1) | N2 [ c9 132(1)
c5 [ c9 122(1) | C5 C4 c9 122(1)
N1 Cc5 c4 107(1) | N1 [ [ 107(1)
N1 c5 Cc6 132(1) | N1 [ [ 132(1)
c4 c5 [ 1211)  [ca [ [ 121(1)
[ C6 c7 117(1) [ C5 3 c7 117(1)
[ c7 cs 123(1) [ C6 c7 Cc8 123(1)
c7 cs c9 1211 |7 cs8 c9 121(1)
c4 c9 cs 117(1)  [ca c9 [ 117(1)
N3 C10 [ 116(1) | N3 C10 C1 116(1)
N3 C10 c11 122(1) | N3 C10 [ 122(1)
[ C10 c11 122(1)  [c1 C10 [ 122(1)
C10 c1l c12 1191) [ cC10 [ C12 119(1)
c11 c12 C13 118(1) | cil C12 C13 118(1)
c12 C13 Cl4 121(1) | c12 C13 Cl4 121(1)
N3 Cl4 C13 122(1) | N3 Cl4 C13 122(1)
N4 C15 c2 118(1) | N4 C15 c2 118(1)
N4 C15 C16 123(1) | N4 C15 C16 123(1)
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c2 C15 C16 119(1) [ cC2 C15 C16 119(1)
C15 C16 c17 117(1) | C15 C16 c17 117(1)
C16 c17 C18 1191) | C16 c17 C18 119(1)
c17 C18 C19 119(1) | c17 C18 C19 119(1)
N4 C19 Ci18 123(1) | N4 C19 C18 123(1)
N5 C20 c29 111(1) | N5 C20 C29 111(1)
N6 c21 C34 111(1) | N6 c2l C34 111(1)
N5 c22 N6 1111 [N5 c22 N6 111(1)
N6 C23 C24 105(1) | N6 C23 C24 105(1)
N6 c23 C28 133(1) | N6 C23 C28 133(1)
C24 c23 C28 122(1) | Cc24 c23 C28 122(1)
N5 C24 c23 107(1) | N5 C24 c23 107(1)
N5 C24 C25 130(1)  |N5 C24 C25 130(1)
C23 C24 C25 123(1) | C23 C24 C25 123(1)
C24 C25 C26 117(1) [ Cc24 C25 C26 117(1)
C25 C26 ca7 120(1) | C25 C26 c27 120(1)
C26 ca7 Cc28 123(1) | C26 c27 C28 123(1)
C23 C28 c27 116(1) | C23 C28 c27 116(1)
N7 C29 C20 117(1) N7 C29 C20 117(1)
N7 C29 C30 122(1) | N7 C29 C30 122(1)
C20 c29 C30 121(1) | Cc20 C29 C30 121(1)
C29 C30 cal 120(1) | C29 C30 Ccal 120(1)
C30 Cc3l C32 119(1) | c30 C3l C32 119(1)
Cc3l C32 C33 117(1) | c3l C32 C33 117(1)
N7 C33 C32 1241) | N7 C33 C32 124(1)
N8 C34 c21 117(1) | N8 C34 C21 117(1)
N8 C34 C35 124(1) | N8 C34 C35 124(1)
c21 C34 C35 119(1) | cat C34 C35 119(1)
C34 C35 C36 119(1) | c34 C35 C36 119(1)
C35 C36 ca7 119(1) | C35 C36 Cc37 119(1)
C36 ca7 C38 118(1) | C36 Cca7 C38 118(1)
N8 C38 car 124(1) | N8 C38 car 124(1)
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Structural information for 12

Space group | P 24/n
Cell lengths | 29.5129(2)
b 21.7068(7)
¢ 9.8014(3)
Cell angles o 90
B 104.9170(10)
y 90
Cell volume | 1955.73
7,7 Z.47"1
R-factor (%) |6.31

Bond lengths in 12

Atom 1 Atom 2 Length Atom 1 Atom 2 Length
Nil ClI2 2.250(1) C2 C7 1.392(7)
Nil CI3 2.242(1) C3 C4 1.383(8)
Nil Cl1 2.240(1) C4 C5 1.381(7)
Nil N3 2.024(3) C5 C6 1.407(7)
N1 C1 1.324(6) C6 c7 1.384(9)
N1 C3 1.398(6) Cs8 C9 1.519(6)
N1 C8 1.452(5) C9 C10 1.383(6)
N2 C1 1.334(5) C10 C11 1.389(7)
N2 C2 1.393(7) C11 C12 1.375(7)
N2 C14 1.461(6) C12 C13 1.376(6)
N3 C9 1.347(6) Cl4 C15 1.516(6)
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N3 C13 1.349(6) C15 C16 1.373(7)
N4 C15 1.338(6) C16 C17 1.391(8)
N4 C19 1.349(6) C17 C18 1.391(8)
Cc2 C3 1.394(6) C18 C19 1.379(8)
Bonds angles in 12
Atom1l |Atom2 |Atom3 | Angle Atom1l |Atom2 |Atom3 | Angle
Cl2 Nil CI3 125.56(5) | C2 C3 C4 122.8(4)
Cl2 Nil Cl1 115.66(5) | C3 C4 C5 115.8(4)
Cl2 Nil N3 100.2(1) | C4 C5 Cé 122.1(5)
CI3 Nil Cl1 102.71(5) | C5 C6 C7 121.7(5)
CI3 Nil N3 106.0(1) |C2 C7 C6 116.2(4)
Cl1 Nil N3 104.6(1) | N1 c8 Cc9 111.1(4)
Cl N1 C3 109.0(4) | N3 Cc9 C8 116.5(4)
C1 N1 Cc8 126.1(4) | N3 Cc9 C10 121.9(4)
C3 N1 Cc8 124.6(4) | C8 Cc9 C10 121.6(4)
C1 N2 Cc2 108.3(4) | C9 C10 Cl1 119.0(4)
C1 N2 Cl14 122.8(4) | C10 Cl1 C12 119.2(5)
C2 N2 Cl4 126.5(4) | Cl1 C12 C13 118.9(5)
Nil N3 C9 124.2(3) | N3 C13 C12 122.6(5)
Nil N3 C13 117.4(3) | N2 C14 C15 111.8(4)
C9 N3 C13 118.3(4) | N4 C15 Cl14 117.0(4)
C15 N4 C19 116.6(4) | N4 C15 C16 124.1(5)
N1 Cl N2 110.1(4) |C14 Ci15 C16 118.8(4)
N2 c2 C3 106.8(4) | C15 C16 C17 118.6(5)
N2 c2 Cc7 131.8(4) | C16 C17 C18 118.5(5)
C3 c2 C7 121.4(4) | C17 C18 C19 118.5(5)
N1 C3 C2 105.8(4) | N4 C19 C18 123.7(5)
N1 C3 C4 131.4(4)
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4.3 Mass spectral data
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ESI-MS (+) of 2
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ESI-MS (+) of 3/4/5
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ESI-MS (+) of 6
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ESI-MS (+) of 7
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ESI-MS (+) of 9
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ESI-MS (+) of 10
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ESI-MS (+) of 11/12
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ESI-MS (+) of 13
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ESI-MS (+) of 14
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ESI-MS (+) of 17
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HRMS (+) of 18
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ESI-MS (+) of 19
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ESI-MS (+) of 20
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