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Abstract

This master thesis describes the synthesis and characterization of photosensitive ligands for metal
complexation and possibly incorporation into UiO-67 MOF.

It was successfully made two ligands. It was tried to make a third ligand by elongating the m-system
with an alkyne in a Sonogashira reaction, but this was not successful.

The ligands and the intermediate molecules were characterized by NMR spectroscopy and mass
spectrometry analysis. Melting points were also measured for most of the intermediates and ligands.
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lIl.  The aim of the project

The aim of this project was to synthesize photosensitive ligands for copper complexation. A
secondary goal was to make copper complexes with the ligands and a bipyridine linker that could be
incorporated into a metal organic framework (MOF) such as UiO-67 as shown in Figure 1.

The copper complex could work as a photosensitizer, utilizing the benefits of metal to ligand charge
transfer (MLCT) properties.[1] By elongating the -system of the ligand could increase the time of the
exited state and lower the HOMO — LUMO gap.[2] This could give it better photophysical properties
such as greater absorption in the visible region (low energy light) of the electromagnetic
spectrum.[2, 3]

A functionalized MOF would not only make the photosensitive molecule heterogeneous but could
also give it better photocatalytic properties such as extending the absorption bands of these
materials further into the visible region of the spectrum.[4]

Q Zr-cluster
— bipyridine linker
Uio-67 Functionalized UiO-67

Figure 1: lllustration of a unit cell of UiO-67 MOF and functionalized UiO-67 by making a copper complex with a
photosensitive molecule, copper and a bipyridine linker. X can be an extension of the pi-system with an ethynyl-group or just
H or Br for a simpler molecule.

1. Theoretical background

1.1 Photosensitizers

Photosensitizers are compounds that absorbs light energy in the purpose of transferring this energy
into a photochemical reaction and thereby altering the course of the reaction. [5]

To be able to absorb visible light with low energy it needs a large de-localized pi-system to lower the
HOMO-LUMO energy gap. Photosensitizers can be organometallic compounds with electron rich
metal centers like iridium[6] and ruthenium[7] complexes, rhodium nanoparticles[8], or naturally
compounds like chlorophyll and dyes from plants[9]. Copper complexes are also a promising
alternative to the more noble metals used as photosensitizers because they are abundant and less
expensive than the more noble transition metals like Iridium and Ruthenium. It has also a stronger
reducing power by photoexitation. [10, 11]



1.2 Metal complexes
Metal complexes are compounds with metal ions coordinated by ligands. The metals are usually
transition metals with incomplete d or f shells.[12] Ligands in metal complexes are usually neutral or
anionic substances. Examples of neutral ligands are ammonia, NH3 and carbon monoxide, CO. They
are independently stable molecules in their free states. Anionic ligands, such as CI, OH" and CsHs™ are
stabilized only when they are coordinated to central metals.[12] According to the 18 electron rule
neutral ligands are two electron donors to the metal in the complexed state and anionic ligands are
one electron donor. [13]

1.3 Photocatalysis
In photocatalysis a photosensitive molecule (photosensitizer) or a semiconductor captures photons
from UV or visible light. In a semiconductor the electrons are excited from the valence band to the
conducting band of the semiconductor. In a photosensitive molecule the electrons are excited in a
similar manner but now from the HOMO orbital to the LUMO orbital or a higher orbital and are then
available for a reaction.

When the electron is excited to the LUMO-orbital it leaves an electron-void or electron-hole in the
HOMO orbital. If the electron quickly returns to this electron-hole the electron cannot participate in
any reaction. For a photosensitive molecule to be effective as a catalyst the electron must be
separated from this “hole” long enough for a reactant to diffuse into the reactive cite and get the
electron transferred. This is often accomplished when an inter system crossing (ISC) occur, where the
electron changes spin from a singlet to a triplet state. This is illustrated in a Jablonski diagram (Figure
2) where an electron in a singlet ground state (S;) (HOMO) is excited to a higher orbital (S;, S, or
higher) in a singlet state. It then relaxes to the singlet 1 (LUMO) orbital (S;) by an internal conversion
(IC). The electron can then relax to ground state by a new IC where heat is released, by fluorescence
where photons are released, or it can have a spin flip to make an inter system crossing (ISC) to a
triplet state (T;). The triplet state is more long lived and makes an electron transfer to a reactant
possible. If the electron is not used in a reaction it will relax to ground state through a new ISC that
results in phosphorescence where a photon is emitted or by heat radiation.[14]
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Figure 2: Jablonski diagram: UV or visible light can excite an electron from the HOMO orbital or ground state (S;) to the
LUMO orbital (S1) either directly or to a higher orbital (S,) and then relax to S; by an internal conversion (IC) where heat is
radiated. It can then relax to ground state by emitting heat or fluorescence radiation, or it can have a spin flip and make a
inter system crossing (ISC) to a triplet state (T;). The triplet state is long lived because the relaxation from T, to Sy is spin
forbidden. Because of the longer lifetime, this state can catalyze a reaction by an electron transfer to a substrate. If the
electron is not used in a reaction, it will eventually relax to ground state by heat or phosphorescence radiation in a new inter
system crossing.[14]



1.4 Charge transfer and charge separation
When an electron is excited from the HOMO to the LUMO orbital and makes an ISC to a triplet state
the electron can be transferred from either the metal to the ligand (MLCT) or from the ligand to the
metal (LMCT). If the charges is also separated in space it will increase the lifetime of the excited
state. For example an electron can be excited from a d- orbital on the metal and transferred to an
orbital on the far end of a ligand. [15]

1.5 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance spectroscopy (NMR) is a valuable tool for structure elucidation in
chemistry. It utilizes the spinning property of nucleus with a magnetic moment. Only the nucleus of
some isotopes of atoms have a magnetic moments such as H, 3C, *F, 3!P and *N. The magnetic
moment makes them into tiny magnets and can therefore interact with an external magnetic field.

When an external magnetic field (B) is applied to a molecule, the nucleus aligns themselves either
parallel or antiparallel to the magnetic field. The parallel orientation has a slightly lower energy than
the antiparallel orientation, so most nuclei align themselves in this way. The stronger the magnetic
field the larger the energy gap between the orientations will be.

When the nuclei in a magnetic field are irradiated with electromagnetic radiation with a frequency
that corresponds to the energy difference between the orientations, the nuclei will absorb the
energy and a spin-flip from the parallel to the antiparallel orientation will happen.

Nuclei in different chemical environment will experience different amount of shielding from the
electron cloud surrounding them. The electrons functions as tiny magnets that works opposed to the
applied magnetic field. This local magnetic field causes the effective magnetic field the nuclei
experiences to be lower than the applied magnetic field. This can be shown with the equation:

Beffective = Bapplied — Biocar

Because of different electron density around nuclei in different chemical environment, the nuclei will
spin-flip at different frequencies. This makes it possible to make a absorption spectrum. The
frequencies applied are converted into the unit Chemical shift (§).[16]

1.5.1 Spin —spin Splitting

Neighboring nuclei that are not in the same electronic identical environment will give a perturbation
in the chemical shift. For example for a proton that can have two different spins, one aligned with
the applied field and one against. A neighboring nuclei wil then experience either an increased
magnetic field or a decreased magnetic field. This gives two signals in the spectrum. WE say that the
signal has been split into two peaks or a doublet (d). In the same way signals can be split into three, a
triplet (t), four - a quartet (g) and so on. More complex splitting patterns are usually called a
multiplet (m).[16]

1.5.2 Isotopes of elements to use in NMR

The most common isotopes to use in NMR in organic chemistry are *H, 13C, °F and 3'P because of
their usefulness in structure elucidation and their relative abundance. Nitrogen is more difficult to
use in NMR, because the most common isotope N with 99.6 % abundance is not NMR active. The
NMR active °N isotope has a relative abundance of only about 0.4 % and in combination with other
properties gives it a very low signal to noise ratio in NMR and a very long sampling time even in a
high magnetic field. To use nitrogen in NMR effectively it is usually necessary to enrich the molecules
with °N.



The carbon NMR active isotope *3C has also a low relative abundance of only 1.1 % compared to *H,
1k and 3P with almost 100 % relative abundance. This means to get a good signal from 3C in NMR it
is needed longer sampling time (1 hours, 1024 scans, 400 MHz) and more sample than with *H, *°F
and 3'P (2 minutes, 16 scans, 400 MHz

1.5.3 Two-dimensional (2D) NMR

2D NMR spectra measure the coupling between two nuclei at the same time. This can be nuclei of
the same type or different type. Some common 2D NMR techniques are *H — *H COSY, H — 3C HSQC,
1H - 3C HMBC, *H — *H NOESY.

1.5.4 Distortions Enhancement by Polarization Transfer (DEPT)

DEPT NMR distinguishes *C atom according to how many protons are attached. There are different
types of DEPT techniques. DEPT 90 shows CH up and C down, and cancels CH; and CHs. DEPT135
shows CH and CH3 up and C and CH down.[17]

1.5.5 Correlation Spectroscopy (COSY)

COSY is a 2D NMR technique to determine 'H - 'H correlations. The two axes in the spectrum shows
identical proton 1D spectra. The peaks at the axes are also shown on the diagonal as diagonal peaks.
The peaks of interest are those off the diagonal, called the cross peaks. They come in pairs one above
and one below the diagonal symmetrically. The cross peaks shows correlations between protons of
usually two or three bonds distance, but can be longer also. [18]

1.5.6 Heteronuclear Single-Bond Correlations (HSQC)

HSQC is a 2D NMR technique to show one-bond correlations between two attached heteronuclei,
usually *H to 3C or °N. Each correlation shows a crosspeak in the 2D spectrum. For example with

a H - 3C HSQC spectrum proton signals can be assigned to carbon signals. Geminal protons can
easily be identified because they will show a cross peak to the same carbon. This can be difficult with
a COSY spectrum. It can also help resolve overlapping proton signals by dispersing them over the
carbon spectrum. This is especially useful for larger molecules such as proteins where both *H — 3C
and *H — >N HSQC is used. [19]

1.5.7 Heteronuclear Multiple-Bond Correlations (HMBC)

HMBC shows a 2D spectrum of the couplings between two heteronuclei, as for HSQC, but with a
distance of two or three bonds. It is usually used for proton-carbon correlations and is a very useful
tool for elucidating the structure of a molecule. [19]

1.5.8 Nuclear Overhauser Effect Spectroscopy (NOESY)

NOESY shows through-space correlations in contrast to COSY, HMBC and HSQC which shows
correlations through bonds. NOESY can be very useful in determining stereochemistry in molecules
that have two or more stereoisomers.[20]

2. Results and discussion

Two ligands were successfully synthesized (5, 7) while a third (8) were attempted. The synthesis
routes are shown in Figure 3. A discussion of each reaction and characterization by NMR follows
below.
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Figure 3: Synthesis route to make the ligands 5, 7 and 8.

2.1 Synthesis of N,N’-1,2-Phenylenebis(4-methylbenzenesulfonamide) (1)
The first reaction was to add protecting groups to the amino groups. The reaction scheme for

synthesizing 1 is shown in Figure 4. The numbering indicates positions of carbons and protons used in
characterization of NMR peaks of 1.
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Figure 4: Reaction scheme with reactants, product and numbering of positions with carbons and protons.

The reaction was done according to two protocols found in literature by Oloyede et al. and Shao et
al.[21, 22] with some modifications. In the first protocol the reaction was done in a microwave while
in the second protocol the reaction was accomplished at room temperature by stirring for 18 hours.
The microwave reaction was done mostly according to literature[21] but had to be done in two
batches because of the small size of the microwave vial. It was also necessary to add more pyridine
to avoid precipitation before transferring the second batch to the microwave vial. When the
reactants were added to the pyridine it became very hot so it should probably have been cooled on
ice-bath, as was done in [22]. The filtering on silica gel was not very successful. Too much of the
product got stuck on the silica and clogged the column. Only 0.3 g and a yield = 2 % of product was
isolated from the white cloudy eluate that was able to pass through before it was clogged. The
filtration could probably have gone better if the crude had been dissolved in more eluent, but this
was not tried. To isolate more of the product stuck on the column, we added vacuum suction to pull
the rest of the eluent through the silica gel. We added also more eluent to get as much as possible
through the clogged column. Then another work up protocol from literature [22] was used. This
consisted of adding HCl that made a precipitate, dissolving in ethanol and filtering off the product.
This gave an extra 6.0 g (yield = 36 %) of product, and a total of 6.3 g (yield = 38 %). Because we
found the workup reported for the microwave reaction a bit difficult and the limited amount that
could be synthesized in each batch in the microwave, we chose to use the 18 hours stirring method
reported by Shao et al.[22] for a second larger batch. This worked very well and gave a yield of 71 %.

Characterization of 1

A comparison of the *H NMR spectra of the two reactants OPD and TosCl, and the product OPD-Tos
(Figure 5) show that the peaks in the spectra from the reagents appear in the product spectra with

some change in position. The methyl group (1) and the aromatic protons (3,4) on TosCl moves a bit
upfield, and the aromatic protons (8,9) and amino protons (6) on OPD move downfield. The amino

protons (6) are visible as a singlet at the upfield side of the multiplet.
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Figure 5: 1H NMR (400 MHz, CDCI3) of the two reactants OPD and TosCl, and the product OPD-Tos.

Figure 6 shows a closer look at the proton spectrum with the peaks assigned to the different protons
in the product. It is only one peak in the aliphatic region which integrates to 6H. This agrees with the
two equivalent methyl groups at 1. The two “doublets” from protons 3 and 4 agrees with an AA’XX’-
spin system of a para di-substituted benzene ring according to Pople notation for second-order spin
coupling systems [23]. The doublet most low field is assigned to 4 because this is closest to the
electron withdrawing SO»-group and resonance indicates a positive charge on carbon 4 (and 2) and
negative charge on the oxygen. The two multiplets at 7.05 — 6.05 and 6.98 — 6.92 ppm looks like a
complex AA’BB’ system and must belong to the protons at 8 and 9. The signal have changed from
something that resembles a singlet to a complex multiplet. The integral and form of the most upfield
multiplet indicates that it contains a singlet of 2H at 6.94 ppm that can correspond to the amino
proton at 6. It is not possible to decide which multiplet proton 8 and 9 belongs to, but 8 is chosen to
be most downfield because it is closer to the nitrogen atom than the proton at 9.
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Figure 6: 1H NMR (400 MHz, CDCI3) of OPD-Tos with inserted excerpt of the aromatic region. 6 ppm = 7.57 (d, ] = 8.3 Hz, 4
H), 7.21 (d, J = 8.1 Hz, 4 H), 7.05—6,05 (m, 2 H), 6.95—6.92 (m, 2H), 6.94 (s, 2H), 2.39 (s, 6 H).

The COSY spectrum (400 MHz, CDCI3) (Figure 7) shows the H-H correlations: 1,3 and 3,4 and 8,9.
This confirms the assignment of peaks 1, 3 and 4 to TosCl and 8 and 9 to OPD.
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Figure 7: COSY NMR (400 MHz, CDCI3) with 1H-H correlations: 1-3, 3-4 and 8-9 with excerpt of the aromatic region.



HSQC of 1 (Figure 8 and Figure 9) shows one bond correlations between protons and carbons. This
identifies the signals for carbons (ppm) 1 (21.58), 3 (129.60), 4 (127.52), 8 (127.31) and 9 (126.09).
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Figure 8: HSQC *H - 13C NMR (400MHz - 100 MHz, CDCl3) of 1.
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Figure 9: HSQC 'H - 13C NMR (400MHz - 100 MHz, CDCls3) of aromatic region of 1.

'H - 13C HMBC (Figure 10 to Figure 12) shows two- and three-bond correlations. Figure 10 shows a
three-bond coupling from H3 to C* (21.58 ppm). This confirms the earlier assigned order of H* more
upfield than H* in the proton spectrum. Figure 12 shows a closer look at the aromatic region, and
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reveals couplings from H* to C3 and C>, H3 to C* and C?, H® to C° and C” and H® to C&. This completes

the assignments of the 13C peaks to positions in 1 shown in Figure 13.

A summary of the assignments of H and 3C NMR peaks to positions in 1 are shown in Table 1.
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Figure 10: 1H - 13C HMBC (100 / 400 MHz, CDCls) of 1.
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Figure 11: The HMBC of 1 shows correlations for H! to C*, C? (weak) and C°.
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Figure 12: 1H - 13C HMBC (100 / 400 MHz, CDCls3) of aromatic region (weak) of 1.
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Figure 13: 33C NMR (100 MHz, CDCl3) of 1 6 ppm = 144.18, 135.39, 130.79, 129.60, 127.52, 127.31, 126.09, 21.58.
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Table 1: Assignments of 1H and 13C peaks to positions in 1.

Position H (ppm) 13C (ppm)
1 2.39 (s, 6 H) 21.58
2 135.39
3 7.21(d,J=8.1Hz, 4 H) 127.52
4 7.57 (d, ) = 8.3 Hz, 4 H) 129.60
5 144.18
6 6.94 (s, 2H) -
7 130.79
8 7.05-6,05 (m, 2 H) 127.31
9 6.95-6.92 (m, 4 H) 126.09
2.2 Synthesis of N,N'-(4,5-Dibromo-1,2-phenylene)bis(4-

methylbenzenesulfonamide) (2)
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Figure 14: Reaction scheme for 2 with bromine.

The product was synthesized with two methods. The first method followed procedure to Shao et al.
[22] with bromine. This worked well when the bromine was transferred dropwise with a syringe.
Because of its volatile property using a syringe was an effective way to transfer bromine to the
reaction without losing amounts in the process. It was also helpful to keep the bromine cool in the
fridge. A yield of 64 % was achieved. Characterization of this product is shown below in Figure 18 to
Figure 24.

Because of bromines toxicity and volatility we tried out a method based on Khrustalev et al. [24] with
the salts NaBr and KBrOs as substitutes for bromine. The reaction was done in glacial acetic acid
without the base NaOAc as shown in Figure 15.
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Figure 15: Alternative reaction scheme for 2 with NaBr and KBrQOjs.

This method gave a partial conversion with a side product in addition to the desired product. The
reaction is analyzed for conversion in Figure 16. From bottom and up it shows *H NMR peaks for the
starting material 1, then the conversion after 4 h, 6 h and 8 h reaction time. On top is the desired
product 2 from the reaction with bromine. We can see that after 4h the side product x is formed and
the peaks for 1 at about 6.25 to 7.5 ppm is gone. The peak from 1 at about 7.2 is reduced but not
completely gone. After 6 h the peaks for 2 are formed fully but the peaks for the side product were
still there. After 8 h it was no change from 6 h. The conversion ratio of product to side productis5:1
calculated from the integrals of the peaks at b and a.
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Figure 16: The spectra shows the 'H NMR (400 MHz, CDCl3) of the aromatic region and aliphatic region for the conversion of
2 for the method with NaBr and KBrOs. From bottom: starting material 1, after 4 h, 6 h, 8 h and top compound 2 from the
reaction with Br,. Full spectra is shown in Figure 67 in the appendix.

The method NaBr and KBrOs could be developed further by tuning the reaction conditions for getting
a more selective conversion. For example, using a lower temperature while adding the reagents in
small portion and adding the weak base NaOAc could be tried to see if this would reduce the



formation of the side product. This would also make the conditions more similar to that used by Shao
et al [22] in the first method.

Characterization of 2 from the first method with bromine
Molecule 2 with numbered positions is shown in Figure 17.
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Figure 17: N,N’-(4,5-Dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide) with numbered positions.

The determination of the peaks from *H NMR (Figure 18) is very similar to 1 but the multiplet for
proton 8, 9 and 6 have been changed to a singlet for proton 8 at 7.20 ppm (2H) and a broader singlet
for 6 at 7.79 ppm (2H). The singlet at 2.42 ppm integrates to 6 and must be the two methyl groups at
position 1.
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Figure 18: 1H NMR (400MHz, CDCI3): 1: methyl group on 4-methylbenzenesulfonamide; 3,4: AB system, 8: proton on 4,5-
Dibromo-1,2-phenylene; 6: N-H.

1H-1H COSY spectrum (Figure 19 and Figure 20) shows 3] and *J correlation. The singlet at 2.42 ppm is
coupled to the doublet at 7.28 ppm so this must be Hs. It further shows a coupling between the



doublet at 7.28 ppm and 7.60 ppm so the latter must be H* There is no couplings for H® and H® as
expected since they have no neighbor protons.
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Figure 19: 1H-H COSY shows correlations between H and H3, and H3 and H?.
|
COSY 1H-1H 3J coupling 400 MHz CDCI3
FE
o
=
[ &
f 7
H3-H4 li i 5 I
-H4 coupling |
@ &) ) s
= =
L=
N
ﬁ P ) i\
(]
H4 "
e
. T T T T T T T T T T T T T T T T T T T T T T T T
76 75 7.4 73 72 F2 [ppm]

Figure 20: Zoom in on H3-H* coupling in COSY.

13C NMR shows eight peaks as expected for 2. The carbon from the methyl groups must be at 21.63
since this is the only aliphatic carbon. The two large peaks 129.88 and 127.55 must be carbon at 3

and 4 since those corresponds to 4 equivalent carbons each and will give a stronger signal than the
other 2 equivalent carbons. Carbon at 3 are most likely more up field than carbon at 4 because it is



further away from the more electronegative and electron-withdrawing groups (-SO2NH-). By same
reasoning the peak at 122.63 ppm must be carbon at position 2.
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Figure 21: 3C NMR (100 MHz, CDCl3): ppm = 144.84, 134.82, 130.71, 130.04, 129.88, 127.55, 122.63, 21.63

The H - 3C HSQC spectrum with ) couplings for 2 is shown in Figure 22, and the correlations are
listed in Table 2. The spectrum shows correlation (*H - 13C ppm) for the methyl protons H* (2.42-
21.63), H®(7.20 - 130.04), the “doublet” for H3 (7.28 - 129.88) and H* (7.60 - 122.63). It is difficult to
decide if the peak from H® at 7.20 correlates to 130.04 or 129.88 ppm in the 3C spectrum. It is most
reasonable to assign H® to the smaller peak at 130.04 ppm because it comes from two carbons while,
the carbons at H® and H* have both a multiplicity of 4 equivalent carbons, so these should be equally
large and larger than the other 3C signals. The proton at 6.79 ppm does not show coupling to any
carbon. This is consistent with the proton being bond to nitrogen.
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Figure 22: 1H - 13C HSQC (400/101 MHz, CDCl3) spectrum for 2.

Table 2: 1H - 13C HSQC correlations for 2.

Position "H (ppm) C (ppm)
1 2.42 21.36

4 7.60 127.55

3 7.28 129.88

8 7.20 130.04




14 - 13C HMBC (Figure 23 and Figure 24) shows long range *H - 13C couplings (%) - %)), but XJ couplings
can also be seen as two dots (satellites) at equal distance to each side of the proton peak. For
example, the two satellites at equal horizontal distance from the peak at 2.42 ppm in Figure 23
indicates a 1J correlation to C at 21.63 ppm.

Figure 23 shows the aliphatic region of the proton spectrum with a *J coupling to 129.88 ppm and a 2J
coupling to 144.84 ppm peak must be C°> because of its large ppm-value and C° is next to the electron
withdrawing S-atom and not the electron donating methyl group.
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Figure 23: 1H - 13C HMBC () to 4J couplings) for proton at 2.42 ppm. It shows long range couplings to 129.88 and 144.84, and
the two satellites indicate a 1J coupling to 21.63 ppm.



Figure 24 shows the aromatic region of the H - 1*C HMBC of 2. The singlet at 7.20 ppm peak shows
2)-4) coupling to 122.63 ppm and 130.04 ppm. This suggest that 122.63 ppm and 130.04 ppm peaks
correspond to C” and C°. Because bromine has a shielding effect and nitrogen have a deshielding
effect on the ipso carbon, C* must be at 122.63 ppm and C’ at 130.04 ppm. The 7.28 *H doublet
shows 2J-*) coupling to peaks 21.63 ppm, 129.88 ppm (small) and 130.71 ppm.
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Figure 24: 1H - 13C HMBC (%J to %J couplings) for proton at 7.60 (d, J=8.3, 4H), 7.28 (d, J=8.0, 4H), 7.20 (s, 2H), 6.79 (br, 2H). It
shows long range couplings to 130.04 and 144.84, and the two satellites indicate a 1J coupling to 21.63 ppm.



A tabulated version of the characterization NMR spectra for 2 is shown in Table 3.

Table 3: Tabulation of elucidation of 2.

Position H (ppm) HSQC 13C coupling Description | HMBC — 1H- 13C
partner to 1H. (ppm) 13C2)-4)
coplings
1 2.42 (s, 6H) 21.63 2*CH3 129.88
144.84
2 122.63/130.71/144.84
3 7.28 129.88 129.88 (weak)
(d,J=8.0,4H) 130.71
4 7.60 127.55 127.55 (weak)
(d,J=8.3,4H) 144.84
5 122.63/130.71/144.84
6 6.79 (br, 2H) - 2*N-H
7
8 7.20 (s, 2H) 130.04 122.63
130.04
9

2.3 Synthesis of 4,5-dibromobenzene-1,2-diamine (3)

1|'oS
Br NH Br NH,
H,S0,
—_—
110 °C
Br NH Br NH,
4,5-dibromobenzene-1,2-diamine
ToS

The reaction was done according to litterature[22]. It was important to use an oil bath to have
temperature control and rinse with a good amount of water to get a pure product.

Characterization of 3.

'H NMR (400 MHz, CDCls, Figure 25) shows two peaks as expected. The singlet at 6.93 ppm that
integrates to 2H must be the aromatic proton, while the broad peak at 3.40 that integrates to 4H
must be from the protons in the NH; groups.
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Figure 25: 1H NMR (400 MHz, CDCls) of 3 (4,5-dibromobenzene-1,2-diamine). ppm = 6.93 (s, 2H), 3.40 (br, 4H).

The : *H - *H COSY (400MHz, CDCls Figure 26) shows no correlations between the aromatic proton
and the NH; signal as expected.
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Figure 26: 1H - 1H COSY (400MHz, CDCl3) NMR spectrum of 3 shows no correlating peaks as expected.

The 3C NMR spectrum (101 MHz, CDCI3, Figure 27) shows three peaks, where the largest one at
120.46 ppm must be from the C-H carbon, the one with largest chemical shift at 135.35 ppm must be
from the C-NH; carbons and the last most upfield at 113.49 ppm must be from the C-Br carbons. This
classification is based on Br having a shielding effect and NH> has an deshielding effect on the ipso
carbon.
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Figure 27: 13C NMR (101 MHz, CDCls) of 3. ppm = 135.35, 120.46, 113.49.

The : *H — 13C HSQC (400/101 MHz, CDCls, Figure 28) confirms that the peak at 120.46 is from the C-H

carbon.
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Figure 28: 1H —13C HSQC (400/101 MHz, CDCl3) NMR spectrum of 3. 1H - 13C correlation between 6.93 ppm *H peak and
120.46 ppm 13C peak.

The *H - 3C HMBC (400/101 MHz, CDCls, Figure 29) shows 2J couplings from the C-H signal to the
signals at 135.35 ppm and 113.49 ppm. This gives that all the carbon peaks are from the same pi-
system.
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Figure 29: 1H —13C HMBC (400/101 MHz, CDCl3) spectrum of 3 shows long range couplings (2 - 4J) from 6.93 ppm 1H peak to
135.35 and 113.49 13C peaks. It also shows satellite peaks for a 1J coupling from 6.93 1H peak to 120.46 13C peak shown in
the HSQC spectrum.

2.4 Synthesis of 1,10-phenanthroline-5,6-dione (4)

H,SO4 HNO;
KBr
0 °C, 10 min
90 °C, 2h

1,10-phenanthroline

1,10-phenanthroline-5,6-dione

The reaction was done according to literature[25]. In the work up it was important to do a proper
recrystallisation in EtOH to get yellow needles and not only a precipitate to get a pure product. By
doing several recrystallizations the amount of reactant was reduced to 2 %, with a “yield” of 52 %. A
small amount of the reactant might not be a problem in further reactions, because it most likely
would not do any harm to the reaction to make 5 and 7 for example. It would also be much easier to
separate it from a larger molecule such as 5 or 7.

Characterization of 4.

The 'H NMR (400 MHz, CDCls,Figure 30) of 4 shows three double doublets as expected: ppm =9.12
(dd, J=4.7, 1.8 Hz, 2H, 1-H), 8.51 (dd, J=7.9, 1.8 Hz, 2H, 3-H), 7.59 (dd, J=7.9, 4.7 Hz, 2H, 2-H). The
assignments of the peaks are based on 2-H has a 3J coupling to both 1-H and 3-H so these coupling



constants should be large. 1-H and 3-H has both one 3] coupling and one %) coupling so they should
have one large and one small coupling constant. 4 has a resonance form (Figure 31) that deshields 1-
H which gives this proton a lower ppm value than for 3-H. The low 3J value of 4.7 Hz from 1-H to 2-H
could be because of a through space interaction of 1-H to the electron pair on N.
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Figure 30: *H NMR (400 MHz, CDCI3) of 1,10-Phenanthroline-5,6-quinone excerpt of region with product peaks. ppm = 9.12
(dd, J=4.7, 1.8 Hz, 2H), 8.51 (dd, J=7.9, 1.8 Hz, 2H), 7.59 (dd, J=7.9, 4.7 Hz, 2H).

Figure 31: Resonance form of 4 that gives a negative charge on oxygen and a positive charge on 1.

The *H-'H COSY (400 MHz, CDCls, Figure 32) of 4 shows three correlations (off diagonal peaks) 1,2 1,3
and 2,3. This shows that the three signals all correlate to each other and are therefore in the same -
system which was expected for 4.
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Figure 32: 1H-H COSY (400 MHz, CDCI3) of 1,10-Phenanthroline-5,6-quinone.

The 3C NMR (101 MHz, CDCls) of 4 shows six peaks of which three are larger: ppm = 178,67, 156.42
(1), 152.91, 137.32 (l), 128.08, 125.60 (I).

The three larger peaks correspond to the three chemically unequivalent C-H carbons
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Figure 33: 13C NMR (101 MHz, CDCls) of 1,10-Phenanthroline-5,6-quinone: ppm = 178,67, 156.42, 152.91, 137.32, 128.08.



2.5 Synthesis of 11,12-dibromodipyrido[3,2-a:2’,3’-c]phenazine (dppzBra, 5)

NH; Br Br

Figure 34: R5: 11,12-dibromo.dipyrido[3,2-a:2’,3’-c]Jphenazine (dppz-o0-Br)

The reaction was done according to literature[26]. It was a simple condensation reaction that worked
well. The workup in the literature said to reduce the amount of solvent to 1/6 and then collect the
product by filtration. We found this a bit difficult because the product went easily through the
filterpaper. Because we used

Characterization of 5

'H NMR spectrum (Figure 35) shows peaks that matches what is reported. It shows three double
doublets for protons at 1, 2 and 3, and a singlet for 8. The signal at 7.78 must be 2-H because it has
two 3J couplings (8.1 and 4.4), while the signals at 9.49 and 9.27 has both one 3J coupling and one *J
coupling so they must be 1-H and 3-H. The small 3) coupling af 4.4Hz indicates that the bond length of
1-H could be longer because of an interaction with the electron pair on the nitrogen. This could also
give a through-space shielding effect and therefore a lower shift. It will be shown later from HMBC
spectrum that it is correct to assign 1-H to 9.27 peak and 3-H to 9.49.
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Figure 35:1H NMR (400 MHz, CDCls) of 5: ppm = 9.49 (dd, J=8.1, 1.7, 2H), 9.27 (dd, J=4.4, 1.7, 2H), 8.68 (s, 2H), 7.78 (dd,
J=8.1, 4.4, 2H).

The *H —H COSY spectrum (Figure 36) shows correlation peaks between 1-H, 2-H and 3-H which
indicates that they are in the same pi-system and confirms the previous assignments.
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Figure 36: Excerpt of 1H —1H COSY spectrum of 5 (400 MHz, CDCls). Correlations: 1-H - 3-H, 1-H - 2-H and 2-H - 3-H.

The carbon spectrum (101 MHz, CDCls, Figure 37) shows nine peaks that corresponds to the nine
chemically different carbons in 5. Four of the peaks are larger and possibly C-H. This is confirmed by
the DEPT135 spectrum (Figure 38) and the *H — 13C HSQC spectrum (400-101 MHz, CDCls, Figure 39)
where also the assignments of carbon 1, 3, 8 and 2 are done.
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Figure 37: Excerpt of region with peaks for 5 from 13C NMR (100 MHz, CDCl3) ppm = 153.07 (1), 148.56 (5), 141.96, 141.33,
133.86, 133.31, 127.60, 127.04, 124.31.
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Figure 38: Excerpt of DEPT135 of 5 (100 MHz, CDCI3). Only positive peaks are shown at ppm = 153.10, 133.89, 133.34 and
124.34.

The *H —*3C HSQC spectrum (400-101 MHz, CDCls, Figure 39) shows J proton — carbon correlations
for 5. It assigns the following carbons to peaks (ppm): 3 to 133.89, 1 to 153.10, 8 to 133.34 and 2 to
124.34.
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Figure 39: 1H — 13C HSQC spectrum (400-101 MHz, CDCI3) assigns the carbons (ppm) 3 to 133.89, 1 153.10, 8 to 133.34 and 2
to 124.34.

The H —3C HMBC spectrum (400 — 101 MHz, CDCls,

Figure 40) shows long range couplings for 5. It gives couplings from 3-H to 141.96, 148.56 and 153.10
(1), 1-H shows couplings to 124.34 (2), 133.89 (3) and 148.56, 8-H to 127.60 and 141.33, and 2-H to
127.04 and 153.07 (1).

Since both 1-H and 3-H correlates to the signal at 148.56, this must be from carbon 5. It is the only
unassigned carbon with a three-bond distance from both ptotons 1-H and 3-H. 2-H correlates to one
unassigned peak 127.04. This must be from carbon 4 because it is the only carbon in a three-bond
distance from 2-H and that are unassigned. 3-H correlates to the signal at 141.96 and the only
candidate for this is carbon 6. The signal at 141.33 must then be carbon 7 and 127.60 must be carbon
9, because Br has a shielding effect and N has a deshielding effect on the ipso carbon. All the carbon



peaks have then been assigned as follows: 153.07 (1), 148.56 (5), 141.96 (6), 141.33 (7), 133.89 (3),
133.31(8), 127.60 (9), 127.04 (4), 124.31 (2). The correlations are shown in Figure 41: *H — 3C HMBC
correlations for 5.Figure 41.
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Figure 40:1H —13C HMBC Long range (%*#]) correlations for 5. One-bond correlations are suppressed but can sometimes be

seen as satellites. 3J couplings follow the Karplus equation which means that if the dihedral angle is near to 90 degrees the
intensity is nearly zero.
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Figure 41: 1H —13C HMBC correlations for 5.

2.6 Synthesis of 4-ethynylbenzonitrile (6)



N Pd(PPh),, Cul
\\ 1 THF/NEt,

Ar, RT, 16h

ethynyltrimethylsilane

4-bromobenzonitrile

4-((trimethylsilyl)ethynyl)benzonitrile

6a

N%

K,CO4
MeOH, r.t. 30 min

Y4

4-ethynylbenzonitrile
6b

The reaction was done in two steps according to literature[27] and experience from fellow student
Atiga Ansar for workup. Alternative workup to column chromatography was sublimation. We used a
kugelrohr for sublimation at 70 °C for about 1 h but this gave a poor yield of only 32 % while column
chromatography gave 69 % yield.

Characterization of 6.

The Proton NMR (400 MHz, CDCls, Figure 42) showed two peaks. The multiplet at 7.59 ppm (4H)
resembles two doublets but is the results of an AA’BB’ spin system on the para substituted phenyl
ring. The singlet at 1.55 ppm (1H) is from the ethynyl proton.
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Figure 42:1H NMR (400 MHz, CDCl3) & 7.62 (m, 7.59, 4H), 3.30 (s, 1H).

The carbon NMR (101 MHz, CDCl;, Figure 43) shows seven peaks that correspond to the seven
chemically inequivalent carbons in 6. Three of them are larger and correspond to the C-H carbons,
two in the aromatic region and one in the aliphatic region.
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Figure 43: 3C NMR (101 MHz, CDCls) & 132.69 (s, 2C), 132.04 (s, 2C), 127.01 (s, 1C), 118.27 (s, 1C), 112.35 (s, 1C), 81.87 (s,
1C), 81.55 (s, 1C).

The H - 13C HSQC (400 - 101 MHz, CDCI3, Figure 44) of 6 shows 2 J correlations, one for alkynyl
proton and one for the phenyl protons.
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Figure 45: 1H - 13C HMBC (400 - 101 MHz, CDCl3) of 6.

2.7 Synthesis of Dipyrido[3,2-a:2',3"-c]phenazine (dppz, 7)

H,N
Ethanol
+ —>
Reflux
H,N 10 min

Figure 46: Reaction scheme for 7.

The reaction was done according to literature[28] by refluxing phendione and o-phenylenediamine in
absolute anhydrous ethanol for only 10 min. After removal of ethanol the solids was heated in water
until dissolved, cooled down and the precipitates filtered off. Figure 47 shows 7 with numbering of
chemically nonequivalent carbons.



dipyrido[3,2-a:2',3'-c]phenazine
Figure 47: 7 with numbering of chemically nonequivalent carbons.

Characterization of 7.
The proton NMR (400 MHz, CDCls, Figure 48) shows five double doublets, one for each chemically
nonequivalent proton at position 1, 2, 3, 8 and 9.
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Figure 48: 1H NMR (400 MHz, CDCl3) of the aromatic region of 7. 6 9.64 (dd, J = 1.8, 8.1 Hz, 2H), 9.27 (dd, J = 1.7, 4.4 Hz, 2H),
8.35(dd, J = 3.4, 6.5 Hz, 2H), 7.92 (dd, J = 3.4, 6.6 Hz, 2H), 7.79 (dd, J = 4.4, 8.1 Hz, 2H).

Carbon NMR (101 MHz, CDCI3, Figure 49) shows 9 peaks corresponding to the 9 chemically
nonequivalent carbons (1-9). The five larger peaks correspond to the carbons with protons, as
confirmed in DEPT135 spectrum (Figure 50) that shows all the C-H carbons.
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Figure 49: 13C NMR (101 MHz, CDCl3) & 152.59, 148.45, 142.52, 141.17, 133.80, 130.69, 129.58, 127.61, 124.17.
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Figure 50: 13C DEPT135 NMR (101 MHz, CDCl3) 6 152.59, 133.80, 130.69, 129.58, 124.17.

The H - 'H COSY (400 MHz, CDCls, Figure 51) spectrum of 7 shows two rt-systems, one for the
protons at 1, 2 and 3 and one for 8 and 9.
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Figure 51: 1H - 1H COSY (400 MHz, CDCI3) spectrum of 7.

The H - 13C HSQC spectrum (Figure 52) shows five proton - carbon *J correlations and helps assign

the carbon signals to the proton signals.
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Figure 52: 1H - 13C HSQC (400/101 MHz, CDCls) spectrum of 7.
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The H - 3C HMBC (400/101 MHz, CDCI3, Figure 53) spectrum of 7 shows proton — carbon 2J to )

correlations.
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Figure 53: 1H - 13C HMBC (400/101 MHz, CDCI3) spectrum of 7.

2.8 Attempted synthesis of 4,4'-(dipyrido(3,2-a:2',3"'-c]phenazine-11,12-
diylbis(ethyne-2,1-diyl))dibenzonitrile (8)

Z
Z Pd(PPhs),, Cul
+2
NEt3. THF

A RT, 16h

6b

The reaction was done mostly according to literature[29, 30] but a different palladium catalyst
(Pd(PPhs)s4) were used. Because of the small amount of 5 available for the reaction it was tried to do
the reaction by stirring at r.t. for 16 h as was done by Thorand and Krause [30]. This was not
successful. It might be necessary to reflux the reaction mixture overnight as van der Salm et al.[29]
did. This might require some more solvent and smaller reflux setup than was available. The crude did
not show any product in *H NMR but mostly the reactant 6b and the catalyst. No further purification
was done.

Figure 54 and Figure 55 shows a comparison of the *H NMR (400 MHz, CDCls) spectra from crude of 8
(bottom), reactants 6b and 5, and top catalyst Pd(PPhs)s. There is no sign of 5 in the spectrum for 8.
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Figure 54: 1H NMR (400 MHz, CDCl3) from bottom: crude from 8, 6b, 5 and top catalyst Pd(PPhs),.

[ref

T
14

12

=

e

Figure 55: Aromatic region of the same spectra as in Figure 54.
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NMR spectra were recorded using a Bruker AVIII HD 400 MHz NMR spectrometer at the Department
of Chemistry at UiO. Deuterated chloroform were used as solvent and chemical shifts were
referenced to signals at 7.26 for *H and 77.0 ppm for 13C, with TMS as the internal standard. Mass
spectra were recorded on a maXis Il instrument with electrospray ionization (ESI) or atmospheric
pressure chemical ionization (APCI). High-resolution mass spectrometry (HRMS) with suggested
molecular formula and simulated isotopic pattern was provided for most of the compounds. The
analysis was done by the Mass Spectrometry Laboratory at the department of chemistry at UiO.



Melting points were determined with a Stuart SMP10 instrument. Starting materials, solvents and
catalysts were from commercial sources and used without further purification.

3.1 Synthesis of 1

0=S=0

NH

0
N\

S
N
H o
N,N'-(1,2-phenylene)bis(4-methylbenzenesulfonamide)

Reaction in microwave.

The reaction was done according to literature[21] with some modifications for the workup. o-
Phenylenediamine (37.36 mmol, 4.4 g) and p-Toluenesulfonyl chloride (2 eq, 74.72 mmol, 14.25 g)
was added to a beaker with 16.5 mL pyridine while stirring. The solution got hot. The reaction was
done in two baches in microwave for 4 min at 120 °C. Pyridine was removed from the combined
batches by reduced pressure at 80 °C for 1 hour. A thick black or dark brownish liquid resulted. This
was dissolved in chloroform (40 mL) and filtered on a 3 cm column of silica gel. Only some of the
eluent came through before a black layer clogged the silica gel. The chloroform was removed from
the filtrate by reduced pressure and the resulting white solid was dissolved in n-Hexane by heating.
After cooling a precipitate was filtered of. This gave a white pinkish solid (0.3 g, yield = 2 %).

The rest of the eluent and the black/brownish layer in the column was then pulled through the
column by applying vacuum suction and adding more eluent. A black/brownish solution resulted that
did not dissolve in n-hexane after eluent was removed. An alternative work up procedure from Shao
et al.[22] was then followed. The black thick liquid was dissolved in chloroform (50 mL) and extracted
with 1M HCI (50 mL) and water (25 mL x 4). A precipitate in the chloroform phase was filtered. The
white sluggish precipitate was washed with chloroform and water on the filter, then dissolved in
ethanol, filtered and dried. A light pink solid resulted (6.0 g, yield = 36 %). This gave a total of 6.3 g
with a yield of 38 %.

Reaction at room temperature.

The reaction was done according to literature[22] with some modifications. p-Toluenesulfonyl
chloride (2 eq, 114.87 mmol, 21.9 g) was added slowly to a solution of o-Phenylenediamine (1 eq,
57.86 mmol, 6.25 g) in dry pyridine (33 mL) which was cooled to -3 to -5 °C in a NaCl—ice bath. The
resulting mixture was stirred at room temperature for 18 h. About 25 mL 15 % aqueous HCl was
added to form a precipitate. The solids were filtered off, washed with some more 15 % HCl and
water, dissolved in about 100 mL absolute ethanol and refluxed for 1 h. It was cooled overnight, and
the solids were filtered off, washed with some EtOH and dried. The product was obtained as a pale
solid (17.0 g, yield = 71 %).

IH NMR (400 MHz, CDCls): 6 ppm = 7.57 (d, ) = 8.3 Hz, 4 H), 7.21 (d, J = 8.1 Hz, 4 H), 7.05-6,05 (m, 2
H), 6.98-6.92 (m, 4 H), 2.39 (s, 6 H).



13C NMR (100 MHz, CDCl3): & ppm = 144.18, 135.39, 130.79, 129.60, 127.52, 127.31, 126.09, 21.58.

ESI-MS+ (m/z): Calculated for CaoH20N204S,: 416.08645 ([M]+); found 416.089 ([M]+, 100%) (error =
6,7 ppm)

Melting point: 205 — 206 °C. Lit.[31] 204-205 °C.

3.2 Synthesis of 2

0=T=o
Br NH
o)
\\s
7~
NT N\
Br H ©

N,N'-(4,5-dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide)

Method 1 with bromine.

The synthesis was done according to literature [22]. Bromine (3.25 g, 1.04 mL, 20.3 mmol, 2 eq) was
added drop-wise with a syringe to an ice-cooled and stirred suspension of 1 (4.24 g, 10.2 mmol, 1 eq)
and anhydrous NaOAc (4.43 g, 54.0 mmol, >2 eq) in glacial acetic acid (33 mL). The mixture was
stirred and refluxed at 110 °C for 3 h, then cooled and poured into ice water (110 mL), and then
stirred for an additional 1 h. The precipitate was filtered and dried overnight (70 °C). The solids were
dissolved in EtOH (50 mL), filtered four times and dried (50 °C). It gave a white powder (3.74 g, yield
=64 %).

IH NMR (400 MHz, CDCl3): ppm = 7.60 (d, J=8.3, 4H), 7.28 (d, J=8.0, 4H), 7.20 (s, 2H), 6.79 (br, 2H),
2.42 (s, 6H).

13C NMR (100 MHz, CDCl3): ppm = 144.84, 134.82, 130.71, 130.04, 129.88, 127.55, 122.63, 21.63.
ESI-MS+ (m/z): calcd for CyoH1sBraN204S,: 571.9075; found 571.9068. (error = —1.2 ppm).

Method 2 with NaBr and KBrOs

The method was based on literature [24]. Compound 1 (4.16 g, 10 mmol) and glacial acetic acid (22
mL) was added to a round bottom flask. A mixture of NaBr (3.39 g, 33 mmol) and KBrO5 (1.12 g, 6.7
mmol) was added in portions at room temperature and stirred for 6 hours at °60 C. The mixture was
cooled down over night and the precipitate was filtered off and washed with warm water, air dried
and recrystallized in ethanol. It gave a white powder (4.2 g). NMR showed only partial conversion
with a side product.

3.3 Synthesis of 3



Br NH,

Br NH,

4,5-dibromobenzene-1,2-diamine

The reaction was done according to literature.[22] Compound 2 (0.946 g, 1.65 mmol) was
heated on oil-bath in 2 mL concentrated sulphuric acid at 104-113 °C for 22 min. The solution
changed to a dark purple color. After cooling to room temperature, it was poured into ice
water (65 mL). A white precipitate formed immediately. It was neutralized with about 7 mL
50 % NaOH solution until basic and stirred for 5 minutes. The white precipitate was filtered
off and cleaned three times with water on the filter. It was dried in oven at 80 °C for
approximately 1 hour. A white powder resulted. Yield: 0.385 g, 88 %.

IH NMR (400 MHz, CDCls) § 6.93 (s, 2H, CH), 3.40 (br, 4H, NHo).
13C NMR (101 MHz, CDCl3) § 135.35 (CNH2), 120.46 (CH), 113.49 (CBr)

ESI-MS+ (m/z): calcd for CeHsBraN2H+: 264.89705; found: 264.897; (error = -0.04 ppm).
The isotopic pattern matched the expected.

Melting point: 142-144 °C, lit.[32] 135-139 °C.
3.4 Synthesis of 4

1,10-phenanthroline-5,6-dione

The reaction was done according to literature [25]. H,SO4 (40 mL, 95 %) and HNOs (20 mL, 68 %) was
stirred and cooled in ice-water bath. This was added to A mixture of 1,10-phenanthroline (4.032 g,
22.37 mmol) and KBr (4.18 g, 35.13 mmol) in a 100 mL round bottom flask. It was then stirred on ice-
bath for 10 min before heated to 90 °C for 2h. The crude product was let cool down over night and
then poured into a beaker with ice (120 g) and neutralized with NaOH (120 mL, 50 %) to pH 6-7. The
neutralized product was extracted with CH,Cl, (8x50 mL). The solvent was evaporated at reduced
pressure and an orange product was observed. It was recrystallized in EtOH (52.5 mL, 95 %) and
yellow needles formed on top of a precipitate that was filtered out (2.46 g, yield = 52 %).

IH NMR (400 MHz, CDCls): 6 9.12 (dd, J=4.7, 1.8 Hz, 2H, 1,10-H), 8.51 (dd, J=7.9, 1.8 Hz, 2H, 3,8-H),
7.59 (dd, 7.9, 4.7 Hz, 2H, 2,9-H)

13C NMR (101 MHz, CDCl3): & 178.6768 (5,6), 156.4243, 152.9195, 137.3230, 128.0785, 125.6035



ESI-MS [M+Na]+ calcd 233.03270, found 233.032 (error -3.0 ppm)

Melting point 259-260 °C, Iit.[33] 260 °C.

3.5 Synthesis of 5

Br

Br

The reaction was performed according to literature[26] but no filtration was done. 3 (0.146 g, 0.549
mmol) and 4 (0.108 g, 0.514 mmol) was refluxed in 30 mL absolute ethanol overnight (15h). The
solvent was evaporated under reduced pressure and the product dried at 60°C overnight. This gave
an orange solid (0.120 g, Yield =53 %).

'H NMR (400 MHz, CDCls): ppm =9.55 (dd, J=8.1, 1.7, 2H, 3-H), 9.29 (dd, J=4.4, 1.7, 2H, 1-H), 8.68 (s,
2H, 8-H), 7.80 (dd, J=8.1, 4.4, 2H, 2-H).

13C NMR (101 MHz, CDCls): ppm = 153.07 (1), 148.56 (5), 141.96 (6), 141.33 (7), 133.89 (3), 133.31
(8), 127.60 (9), 127.04 (4), 124.31 (2).

MS (ESI+): Calcd. CisHsBraNsNa+ [M+Na+]: 460.9008, Observed: 460.9007, err [ppm] 0.2. The
isotopic pattern matches the expected.

Melting point: Above 310 °C

3.6 Synthesis of 6

7

Vi

6a 6b

The reaction was done in two steps according to literature [27]. First a sonogashira cross coupling
was done to make 6a and then a removal of the protecting trimethylsilyl group to make 6b.

6a: To a 50 mL round bottom flask it was added 4-bromobenzonitril (0.623 g, 3.4 mmol, 1.0 eq.),
Pd(PPhs)s, (93 mg, 2.4 mol %) and Cul (50 mg, 8 mol %). The atmosphere was changed to argon
before dry THF (6 mL) and diisopropylamin (2 mL) was added with a syringe. The mixture was cooled
down on ice bath and trimethylsilylacetylene (0.50 mL, 3.5 mmol, 1.03 eq.) was added dropwise over
5 min. It was then stirred in room temperature overnight. The solvent in the resulting brown mixture
was then removed by rotavapor and the solids dissolved in Hexane (50 mL) and acetone (20 mL). The



mixture was washed with water and the organic layer filtered over celite, dried with N,SO4 and
solvents removed by rotavapor. The product was a white, flaky solid, 682 mg.

6b: In a 50 mL round bottom flask 6a (682 mg, 3.4 mmol, 1 eq.) was dissolved in MeOH (17 mL),
followed by addition of K,CO3 (0.6 g, 4.3 mmol, 1.3 eq.). The reaction mixture was then stirred at
room temperature for 1.5 h. MeOH was removed by reduced pressure at 30 °C. The crude was
purified by column chromatography on silica gel with CH2CI2 — Hexane (1:3) as eluent. A white
product was isolated (300 mg, yield = 69 %).

IH NMR (400 MHz, CDCls) 6 7.62 (d, J = 8.6 Hz, 2H), 7.57 (d, J = 8.6 Hz, 2H), 3.30 (s, 1H).
13C NMR (101 MHz, CDCls) § 132.70, 132.05, 127.02, 118.27, 112.35, 81.88, 81.55.

HRMS (APCI) calcd for CoHsN1H* [M+H*]: 128.0496, Found: m/z = 128.0495, err [ppm] -0.9.

Melting point: 157-158 °C, Lit.[34] 156-160 °C

3.7 Synthesis of 7

The synthesis was done according to literature [28]. Phendione (0.160 g, 1.43 mmol) and o-
phenylenediamine (0.155 g, 0.761 mmol) were dissolved in anhydrous absolute ethanol (30 mL) and
refluxed for 10 min. The ethanol was removed by evaporation and the solids dissolved in water (30
mL) and heated. After cooling a white precipitate was filtered off (0.21 g, yield = 98%).

IH NMR (400 MHz, CDCls) 6 9.64 (dd, J = 1.8, 8.1 Hz, 2H), 9.27 (dd, J = 1.7, 4.4 Hz, 2H), 8.35 (dd, J =
3.4, 6.5 Hz, 2H), 7.92 (dd, J = 3.4, 6.6 Hz, 2H), 7.79 (dd, J = 4.4, 8.1 Hz, 2H).

13C NMR (101 MHz, CDCls) & 152.59, 148.45, 142.52, 141.17, 133.80, 130.69, 129.58, 127.61, 124.17.
HRMS (ESI+) cald. CigH1oNsNa+ [M+Na+] 305.0798, found m/z = 305.0804, err [ppm] -1.9.

Melting point: 262 °C. Lit.[35] 248 °C.

3.8 Attempted synthesis of 8




The reaction was done mostly according to literature[29, 30] but a different palladium catalyst
(Pd(PPhs).) were used. A mixture of 5 (58 mg, 0.13 mmol, 1 eq.) and 6b (41 mg, 0,32 mmol, 2.4 eq.)
in NEts (6 mL) was bubbled with argon for 15 min. Cul (9 mg, 0.05 mmol) and Pd(PPhs)s (14 mg, 0.01
mmol) were added and the mixture stirred at r.t. overnight. The crude did not show any product in
'H NMR, mostly the reactant 6b and the catalyst. No further purification was done.
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Figure 56: 1H NMR (400 MHz, CDCl3) of 1: § ppm = 7.57 (d, J = 8.3 Hz, 4 H), 7.21 (d, ] = 8.1 Hz, 4 H), 7.05-6,05 (m, 2 H), 6.98—
6.92 (m, 4 H), 2.39 (s, 6 H).

Ri_A-15_18h_stiming_RT 1H NMR 400 MHz COCI3

[rel]

77.3163
76.9983
76.6813
21.5764

20

144.1805
—135.3928

_,_
=
-
=
-

: . . . : . . T T T . . T T T . . . . . T T
140 120 100 80 80 40 [ppm]

Figure 57: 33C NMR (101 MHz, CDCl3) of 1: § ppm = 144,18, 135.39, 130.79, 129.60, 127.52, 127.31, 126.09, 21.58.
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Figure 58: 13C NMR (100 MHz, CDCls) of the aromatic region of 1: & ppm = 144,18, 135.39, 130.79, 129.60, 127.52, 127.31,
126.09.
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Figure 60: 13C DEPT 135 NMR (100 MHz, CDCl3) of 1. Spectrum shows carbons with CH or CH3 groups up. Carbons with no

protons are not shown. § ppm = 129.64, 127.56, 127.35, 126.13, 21.61.
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Figure 61: 13C DEPT 135 (101 MHz, CDCls) of 1 of the aromatic region of carbons with protons attached. & ppm = 129.64,
127.56, 127.35, 126.13.
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Figure 62: 1H - 13C HSQC (400/101 MHz, CDCl3) of 1.
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Figure 63: 1H - 13C HSQC (400/101 MHz, CDCl3) of aromatic region of 1.
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Figure 64: 1H - 13C HMBC (400-101 MHz, CDCl3) of 1.
M ]
R1_A-15 18R sliming RT AMBCGR NMR 400 MRz COCI3 L E
&
o
) a () re
_ o 2 U o :
= C x
e
g
_ .
g
0 L

7.8 7.6 74 72

Figure 65: 1H - 13C HMBC (400-101 MHz, CDCl3) of aromatic region (weak) of 1.
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Figure 66: 1H - 13C HMBC (400-101 MHz, CDCl3) of aromatic region (strong) of 1.
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Figure 67: The figure shows the full *H NMR (400 MHz, CDCls)spectra for the conversion of 2 for the method with NaBr and
KBrOs. From bottom: starting material 1, conversion after 4 h, 6 h, 8 h and top compound 2 from the reaction with Br.
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Figure 68: 1H NMR (400 MHz, CDCls) of 2: ppm = 7.60 (d, J=8.3, 4H), 7.28 (d, J=8.0, 4H), 7.20 (s, 2H), 6.79 (br, 2H), 2.42 (s,
6H).
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Figure 69: 13C NMR (101 MHz, CDCl3) of 2: ppm = 144.84, 134.82, 130.71, 130.04, 129.88, 127.55, 122.63, 21.63.
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Figure 70: 1H - 13C HSQC (400-101 MHz, CDCl3) 1J couplings of 2.
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Figure 71: 'H - 1H COSY NMR (400 MHz CDCI3) of 2.
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Figure 72: 1H-13C HMBC (400-101 MHz, CDCl3) of 2. The spectrum shows 2J to 4J couplings but 1J couplings can also be
observed as satellites.
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Figure 73: 1H NMR (400 MHz, CDCl3) of 3 (4,5-dibromobenzene-1,2-diamine). ppm = 6.93 (s, 2H), 3.40 (br, 4H).
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Figure 74: 3C NMR (101 MHz, CDCls) of 3. ppm = 135.35, 120.46, 113.49.
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Figure 75: 1H - 1H COSY (400MHz, CDCl3) NMR spectrum of 3 shows no correlating peaks as expected.
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Figure 76: 1H —13C HSQC (400-101 MHz, CDCl3) NMR spectrum of 3. 1H - 13C correlation between 6.93 ppm H peak and
120.46 ppm 13C peak.

F1 [ppm]

2

F1 [ppm]

120 100 80 60

140



R3_A-42 HMBC 400 MHz CODCI3

F1 [ppm]

120 100 80 60

140

7 6 5 4 3 2 1 F2 [ppm]

Figure 77: 1H —13C HMBC (400-101 MHz, CDCl3) spectrum of 3 shows long range couplings (2 - 4J) from 6.93 ppm 1H peak to
135.35 and 113.49 13C peaks. It also shows satellite peaks for a 1J coupling from 6.93 1H peak to 120.46 13C peak shown in
the HSQC spectrum.
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Figure 78: *H NMR (400 MHz, CDCl3) of 4: ppm = 9.12 (dd, J=4.7, 1.8 Hz, 2H), 8.51 (dd, J=7.9, 1.8 Hz, 2H), 7.59 (dd, 7.9, 4.7
Hz, 2H). Some water is present at 1.59 ppm.
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Figure 79: 1H NMR (400 MHz, CDCl3) of 4, excerpt of region with product peaks. ppm =9.12 (dd, J=4.7, 1.8 Hz, 2H), 8.51 (dd,
J=7.9, 1.8 Hz, 2H), 7.59 (dd, 7.9, 4.7 Hz, 2H).
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Figure 80: COSY 2D NMR (400 MHz, CDCls) of 4.
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Figure 81: 13C NMR (101 MHz, CDCl3) of 4: ppm = 178,67, 156.42, 152.91, 137.32, 128.08.
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Figure 82: 1H NMR (400 MHz, CDCls) of 5: ppm = 9.55 (dd, J=8.1, 1.7, 2H), 9.29 (dd, J=4.4, 1.7, 2H), 8.68 (s, 2H), 7.80 (dd,
J=8.1, 4.4, 2H).
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Figure 83: 1H — 1H COSY NMR (400 MHz, CDCl3) of 5.
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Figure 84: 13C NMR spectra of 5 (100 MHz, CDCls): 6 153.07, 148.56, 141.96, 141.33, 133.86, 133.31, 127.60, 127.04, 124.31.
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Figure 85: 13C DEPT135 of 5 (101 MHz, CDCl3). C-H carbons: 6 153.10, 133.89, 133.34 and 124.34.
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Figure 86: 1H-13C HSQC (400-101 MHz, CDCls) of 5.
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Figure 87: 1H —13C HMBC of 5 (400 MHz, CDCl;).
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Figure 88: 1H NMR (400 MHz, CDCl3) of 6: 6 7.62 (d, J = 8.5 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 3.30 (s, 1H).

F1 [ppm]

150 100

200

[ref]

15 20

10



Chernistry L ?
RG_2 3 ASG_While 13C NMR L=
ey o 0w i
=0 - o [k n
23z K = 23I5E8
ol e ] M e e L
L X R - - —r g o
- - - RS e
o
[ v
T T T T T T T T T T T T T T T T T T T T T T T
200 150 100 50 0 [ppm]
Figure 89: 13C NMR (101 MHz, CDCl3) of 6b.
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Figure 90: 3C NMR (101 MHz, CDCls) & 132.69 (s, 2C), 132.04 (s, 2C), 127.01 (s, 1C), 118.27 (s, 1C), 112.35 (s, 1C), 81.87 (s,
1C), 81.55 (s, 1C).
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Figure 91: 13C DEPT135 NMR (101 MHz, CDCl3) 6 132.69 (s, 2C), 132.04 (s, 2C).
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Figure 92: 1H-1H COSY (400 MHz, CDCls) of 6b.
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Figure 93: 1H - 13C HSQC (400 — 101 MHz, CDCI3) of 6b.
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Figure 95: 1H NMR (400 MHz, CDCls) of 7. & 9.64 (dd, J = 1.8, 8.1 Hz, 2H), 9.27 (dd, J = 1.7, 4.4 Hz, 2H), 8.35 (dd, J = 3.4, 6.5
Hz, 2H), 7.92 (dd, J = 3.4, 6.6 Hz, 2H), 7.79 (dd, J = 4.4, 8.1 Hz, 2H).
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Figure 96: 13C NMR (101 MHz, CDCl3) 6 152.59, 148.45, 142.52, 141.17, 133.80, 130.69, 129.58, 127.61, 124.17.
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Figure 97: Figure 48: 13C DEPT135 NMR (101 MHz, CDCI3) § 152.59, 133.80, 130.69, 129.58, 124.17.
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Figure 98: 1H - 1H COSY (400 MHz, CDCI3) spectrum of 7.
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Figure 100:1H - 13C HMBC (400/101 MHz, CDCls) spectrum of 7.
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Spectrum of crude from reaction to synthesize 8
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Figure 101: *H NMR (400 MHz, CDCl3) of crude from reaction for synthesize 8.
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