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0.Popularvetenskaplig Sammanfattning

Det ar val kant att kolmonoxid (CO) ar en giftig och hélsofarlig gas som ar luktlds, farglos
och smaklds vilket gor den svar att detektera utan analytisk utrustning. Men under senaste
aren sa har forskning bevisat att i sma doser sa kan kolmonoxid anvandas som en terapeutisk
substans for att lindra malaria, cancer, lung-, hjart- och kérlsjukdomar men dven reducera
mangden inflammatoriska substanser i kroppen. Hur far man da in kolmonoxiden i kroppen?
Det mest sjalvklara valet &r att andas in gasen i sma mangder men dar uppstar ett problem, da
man inte kan kontrollera vart i kroppen kolmonoxiden kommer att distribueras. Istéllet sa kan
man da anvanda sa kallade CORMs (Carbon monoxide releasing molecules) for att kunna
kontrollera mangden, och distributionen av kolmonoxid i patientens kropp. Dessa CORMSs
bestar av ett metall-center (i detta fall rhenium) med kolmonoxid bundet direkt till metallen
med diverse ligander bundna till metallen for att andra hur CORM:en beter sig.

| detta arbete sa syntetiserades ett par photo-CORMs, alltsa en molekyl som slapper ifran sig
kolmonoxid genom ljusstralning, for att testa dess effektivitet i att slappa kolmonoxid i
I6sning. Det gjordes med UV-stralning da CORM:en endast reagerar med UV-stralning.
Experimenten var lyckade och kolmonoxid sldpptes i 16sning och kunde detekteras med hjélp
av IR, UV-vis spektroskopi och elektrokemi.

Det ar inte alltid gynnsamt att anvanda UV-stralning da det &r farligt for celler, och har en
dalig penetrationsformaga. Det ar mycket mer gynnande att anvanda IR-stralning, men det gar
inte att andra beteendet pa en CORM sa drastiskt sa da syntetiserades nagra PS
(Photosensitizers) for att 16sa det problemet. En photosensitizer & en molekyl som tar emot
elektromagnetisk stralning som exciterar sina elektroner, och éverfor sedan den exciterade
energin till en annan molekyl genom kollision, bland annat. Syntetiseringen av ett par
rutenium, jarn och koppar komplex var lyckade, men hann aldrig testas i l6sning med
CORMs, sa effektiviteten dr annu okand.

1. Abstract

It is well known that Carbon monoxide is a toxic and hazardous gas, but during recent years it
has been proven that using a controlled concentration, carbon monoxide can in fact be used as
a therapeutic agent, and can contribute to decrease malaria, treat cardiovascular and lung
diseases and potentially even treat cancer, among other things. The main problem in using
carbon monoxide directly is the fact that it is not trivial to control the volume of gas inhaled,
compromising its use as a therapeutic agent. Much effort has been made to synthesize
molecules that can release carbon monoxide, so-called CORMs. The release of the carbon
monoxide present in these molecules can occur in different ways: a) exchanging the carbon
monoxide with solvent (e.g. water). Although this is an easy and controlled method to release
a known quantity of carbon monoxide, it is not possible to guarantee the time and tissue the
CO is released. b) triggering the release of carbon monoxide, for example by light exposure
(Photo-CORMs). This can be an efficient method, since metal carbonyls are well known as
photosensitive systems.

Two Photo-CORMs complexes, Re(aaz)(CO)3]CI (aaz = 6-amino-6-methylperhydro-1,4-
diazepine) and [Re(tacn)(CO)3]CI (tacn = 1,4,7-triazacyclononane), were synthesized, fully
characterized and tested for their ability to release carbon monoxide when exposed to light
radiation. By determining the change in oxidation potential through square wave
electrochemistry, as well as UV- and IR-spectra, there was enough proof to conclude that
the complexes release at least 2 equivalents of carbon monoxide per Photo-CORM when
radiated by UV light.



Four new complexes, containing photosensitizers were also synthesized and
characterized [Ru(Me2bpy)2Cl2] (bpy = 2,2’-bipyridine) , [Ru(phen)2Cl2] (phen = 1,10-
phenanthroline), [Cu(Me2-bpy)2]BF4 (4,4’-dimethyl-2,2’-bipyridine) and [Fe(n5-
C5H4CHO)(n6-C6H6)|PF6 ((n5-C5H4CHO)(m6-C6H6) = n6-benzene,n5-
cyclopentadienyl). All the four complexes absorb IR radiation and excite the Photo-
CORM through triplet energy transfer. The IR spectroscopy showed that all
photosensitizers were formed, since there were displacements of the bands and
formation of new bands.



2. Introduction

1. Carbon Monoxide

It is well known that carbon monoxide (CO) is a highly toxic and deadly in high
concentrations.! What makes CO deadly is that it has a high affinity to binding to hemoglobin
competitively against oxygen (200 times higher affinity than oxygen), resulting in cellular
asphyxiation. CO is a colorless, tasteless and odorless gas which makes it hard to detect by
natural means resulting in unintentional poisoning.? CO is responsible for an average of 439
deaths annually in the U.S. caused by unintentional poisoning.® Although in recent years it
has been found that CO can be used to treat lung diseases, malaria, sepsis, cardiovascular
diseases, increase anti-inflammatory species, decrease pro-inflammatory species, and even
potentially treat cancer.}4®

CO inhibits carboxyhemoglobin (COHb) and hemoglobin which prevents the red blood cells
from using oxygen resulting in chemical asphyxiation. As the amount of inhibited COHb
increases, the active sites for oxygen to bind in increases its affinity in the presence of CO,
which results in the hemoglobin not being able to release any oxygen into the cell. CO
competitively inhibits hemoglobins tetramer receptor site whereas CO has a much higher
affinity than oxygen for the receptor site at hemoglobin which makes it impossible for oxygen
to bind in to the active site.*®

CO has shown to have therapeutic effects in both human and rodent cells. CO selectively
inhibits the expression of pro-inflammatory cytokines and increases the production of anti-
inflammatory cytokines both in vivo and in vitro. Which contributes to reduce sepsis,
cardiovascular diseases and malaria.’

Heme oxygenase-1 (HO-1) has a protective effect against cerebral malaria (CM) because it
catabolizes free heme groups, which are cytotoxic in the host circulation system. When HO-1
catabolizes hemoglobin; iron, CO and biliverdin is formed, which is the one of the biological
ways to produce CO in the metabolism. It has been discovered that CO can, by inhibiting the
free heme ring, disrupt the malaria parasite from polymerizing the heme-rings, rendering the
parasite harmless, thus depressing the parasite. Research has shown that releasing CO
molecules into CM infected mice reduces the infection completely.®®

CO is inexpensive, readily available and can be distributed by different means, such as by
inhalation of CO-gas, or through Carbon monoxide releasing molecules (CORMSs). Metallic
CORMs have very versatile characteristics, such as biocompatibility, low toxicity, water
solubility, and are stable compounds. Different metals can be used as well as different ligands
to alter the chemical properties of the CORM to easier deliver the CO to target destination in
the host's body.*0

2. CORMs

Inhalation of CO-gas is very unspecific and limited since the distribution in the body cannot
be controlled and can be dangerous if the CO reaches the bloodstream.® By using CORMs the
distribution becomes specific since the release of the CO is easily controlled by an external
factor, such as an enzyme, organic/inorganic species, or light irradiation. This controls
delivery location, dosage and timing for release of CO. A CORM releasing its CO through
light irradiation is called a photo-CORM. It has been shown that it requires high energy
excitation to dissociate CO from the CORM metallic center, since the Metal-CO binding has a
strong affinity towards each other. If the excitation energy is low the only dissociation that is
possible is the Metal-Metal bond, if it is present.!>!2 The CORMSs are very stable in low
oxidation states because of a combination c-bonding and =-back-bonding between the metal
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and the CO. The n-back-bonding is contributed by an empty low energy m*-antibonding
orbital from CO interacting with a filled d-orbital. This relieves the metal of electron density
added during o-bond formation because the CO is electron withdrawing. Using light
irradiation causes the d orbital electron density to decrease, as the HOMO (d--orbital) excites
electrons to the LUMO (dx«-orbital), thus weakening the n back-bonding affinity, which
provides a way to dissociate CO from the metal center of the CORM.!! Dissociating the CO
from the metal center by light irradiation is caused by an excitation from the d~ to the COs*
orbital which is from a nonbonding orbital to an antibonding orbital destabilizing the bond
and thus breaking the sigma bond.3

High energy excitation is within the UV-range which is an issue for distributing drugs into a
host since UV-light is toxic towards cells and tissue as well as a weak ability to penetrate skin
as it can only penetrate 1 mm, which is an issue to activate photo-CORMs in the bloodstream
or in organs.*?

3. Photosensitizers (PS)

PS are compounds that absorbs electromagnetic radiation to elevate into an excited state to
then transfer the excited energy unto a substrate by intermolecular collision, or intramolecular
conformation change at the PS (such as oxidizing the PS) where the substrate normally cannot
be activated. PS can be considered catalysts if they are not consumed during the reaction. A
PS is useless on its own and needs a substrate to function properly.** When light is radiated on
the PS the species excites into an excited state (singlet, or triplet state) which has a short
lifetime of 10°2%-10° s. Through radiative (fluorescence) or non-radiative processes (internal
conversion or intersystem crossing) the species deactivates into an excited triplet state which
have a much longer lifetime of about 10-10 s which is beneficial to increase the odds of
conversion with the substrate.*>1¢

4.Experimental

X
| Pd/C
= Reflux/3d
N
4-picoline 4,4'-dimethyl-2,2'-bipyridine

Figure 1: Reaction scheme for synthesis of 4,4’-dimethyl-2,2’-bipyridine from 4-picoline
and Pd/C.

4,4’-dimethyl-2,2’-bipyridine!’: 4-picoline and Pd/C (50:1 ; m/m) was added to a round
bottom flask and refluxed at 140-150 °C with stirring for 3 days. After the reflux the resulting
solution was filtered hot to separate the catalyst from the product and 4-picoline. The filtrate
was then distilled, to separate the 4-picoline from the product, and collected as
white/yellowish crystals. The crystals were recrystallized over ethyl acetate and the solvent
evaporated slowly under standard conditions (22 °C, 1 atm). The white powder was then
collected and analyzed with a yield of 10 % or 0.5 % (1H NMR (400 MHz, CDCI13): 6 8.54
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(d, J = 4 Hz, 2H), 8.22 (s, 2H), 7.14 (d, J = 4 Hz, 2H), 2.44 (s, 6H), 13C (400 MHz, CDCI3):
5 156.03, 148.91, 148.12, 124.63, 122.00, 94.90, 21.18).

2.2'-dimethyl-4.4"-bipyridine

4-Methyl-2,2'-bipyridine-4'-carboxaldehyde

Figure 2: Reaction scheme for synthesis of 4-Methyl-2,2’-bipyridine-4’-carboxaldehyde
from 2,2’-dimethyl-4,4’-bipyridine and SeO:..

4-Methyl-2,2-bipyridine-4-carboxaldehyde!®: SeO, (1.44 g, 13 mmol) was dissolved in 1-4-
dioxane (5 mL containing 4% H>0) 2,2’-dimethyl-4,4’-bipyridine (1.84 g, 10 mmol) to 40
mL of 1-4-dioxane. The solution was heated and refluxed for 24 h and then the warm solution
suction filtered through celite and washed with ethanol. The washed solution was mixed with
the filtrate and then rotary evaporated to remove all solvent. The resulting beige/brown
residue was suspended in saturated NaHCOz3 (50 mL) and then liquid-liquid extracted using
DCM (5 x 50 mL). The combined organic phase was dried over MgSOs and the solvent
(DCM) was removed through rotary evaporation. The yellowish solid was suspended
in NazS20s (100 mL, 0.3 mol*L™) and stirred for 30 minutes and then suction filtered. This
was repeated a second time for the solid using half the amount of Na2S20s (50 mL, 0.3 mol*L-
1. The residue was washed with ethyl acetate (50 mL) and NaHCO3 (18 g) was dissolved in
the filtrate and then extracted with DCM (30 x 40 mL). The organic phase was dried over
MgSOs and removed by rotary evaporation to yield the 4-Methyl-2,2-bipyridine-4-
carboxaldehyde as a white solid with a yield of 26 % (0,663 g, 2.67 mmol).

0] O

HSOHNO; o / \ / \

KBr, Reflux 4h

Figure 3: Reaction scheme for synthesis of 1,10-Phenanthroline-5,6-dione from 1,2-
Phenantroline, H2SO4, HNO3 and KBr.

1,10-Phenanthroline-5,6-dione!®: 1,10-Phenanthroline (4.0 g, 22 mmol) and KBr (4.0 g, 33
mmol) were dissolved in an ice cold mixture of H2SO4 (6% in water) (40 mL) and
concentrated HNOs (20 mL) dropwise. The solution was refluxed for 4 hours. The resulting
hot yellow solution was poured over ice cold water (600 mL) and neutralized gently with
solid NaOH until the pH reached a value of 6-7. The neutral solution was extracted with
chloroform (50 mL x 5) and was dried over Na2SO4 to then be rotary evaporated and
recrystallized from absolute ethanol. The 1,10-phenanthroline-5,6-dione (4.1 g, 19.8 mmol)
was collected with a yield of 90 % (1H NMR (400 MHz, CDCI3): 6 9.14 (d, ] =4 Hz, 2H)
8.52 (d, J=8 Hz, 2H), 7.61 (q, J = 7.6, 4.8 Hz, 2H, 13C (400 MHz, CDCI3): 6 178.67,
156.43, 152.91, 137.33, 128.07, 125.62).
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Figure 4: Reaction scheme for synthesis of Dipyridophenazine from 1,10-Phenanthroline-
5,6-dione, o-phenylenediamine and ethanol.

Dipyridophenazine?: 1,10-phenanthroline-5,6-dione (0.40 g, 1.9 mmol) were dissolved in
ethanol (20 mL) and o-phenylenediamine (0.24 g, 2.2 mmol), 4-methylbenezenesulfonic acid
(8.75 mg, 0.05 mmol) were added respectively. The solution was refluxed for 10 hours. The
resulting solution was filtered and recrystallized from ethanol to give the Dipyridophenazine
(0.43 g, 1.52 mmol) with a yield of 80 %

MSO
/ \ / \ DM SO\ /CI DMF
+ /ﬁu\
=N N= o DMSO Reflux/3h
DMSO cl Cl
4,4'-dimethyl-2,2'-bipyridine [Ru(DMS0),Cl,]
[Ru(Me;bpy),Cl;]

Figure 5: Reaction scheme for synthesis of [Ru(Me2bpy)2Cl2] from 4,4’-dimethyl-2,2’-
bipyridine, [Ru(DMS0)4Cl;] and DMF

[Ru(Mez2bpy)2Cl2] (a)?: One equivalent of [Ru(DMSO)4Cl.] was dissolved in DMF with two
equivalents of 4,4’-dimethyl-2,2’-bipyridine and an excess of LiCl, and refluxed under
controlled atmosphere at 110-130 °C for 3 hours, a colour change from yellow to red/purple
was observed during reflux. After the reflux the resulting solution was washed with absolute
ethanol and cooled down overnight to form precipitate. The cooled down solution was filtered
to remove any bi-products. [Ru(Mezbpy)2Cl>] was collected with a 60.6-64.8 % yield.

EllMSO

DMSO Cl :

/ N ORG DMF

=N N= c1” | “DMsO Reflux/3h
DMSO

Phenantholine IRu(DMS0),4Cly]

[Ru(phen),Cl;]

Figure 6: Reaction scheme for synthesis of [Ru(phen).Cl;] from Phenanthroline,
[Ru(DMS0)4Cl;] and DMF

[Ru(phen)2Cl2] (b)?': The [Ru(phen).Cl;] was synthesized using the same method as for
[Ru(Me2bpy)2Cl2] only using phenanthroline as ligand with a similar yield between 61.1-65.0
% yield.
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Figure 7: Reaction scheme for synthesis of [Cu(l)(Me2-bpy)2]BF4from [Cu(CH3CN)4]BF4,
4,4’-dimethyl-2,2’-bipyridine and Ethanol

[Cu(1)(Me2-bpy)2]BF4?%: one equivalent of [Cu(CH3CN)4]BF2 was dissolved in absolute
ethanol where after two equivalents of 4,4’-dimethyl-2,2’-bipyridine was added to the
solution slowly under stirring for 2h. Afterwards the solution was suction filtered, the
precipitate was dried in the oven (65 °C) and collected once dry meanwhile the filtrate was
rotor evaporated. The resulting brown solid was then washed with DCM and left in the freezer
overnight to form precipitate. [Cu(Me2-bpy).]BFs was collected as a brown oil with a yield of
16.2 % and further analyzed with ATR.

A H,0, AlCl;, Al(s) 3

Benzene, KPFg4 PFgs

Benzenecyclopentadienyliron(II)
hexafluorophosphate

Figure 8: Reaction scheme for synthesis of [Fe(y-CsH4sCHO)(n-CsHs)]PFs from
Ferrocenecarboxaldehyde, H2O, AICls, Al(s), benzene and KPFg

[Fe(n-CsH4sCHO)(n-CsHe)]PF6?3:  Ferrocenecarboxaldehyde (2.0 g, 9.34 mmol) was
dissolved in benzene (10 mL) and Aluminum powder (0.2 g), AICl3 (4.0 g, 30.0 mmol) and
water (0.2 mL) was added respectively under stirring solution. The solution was gently
refluxed for 45 minutes, cooled down and ice-cold water (25 mL) was added to the resulting
solution. The aqueous phase was extracted and diluted up to 50 mL using water. KPFe (2.5 Q)
was dissolved to the solution and stirred for 10 minutes. Thereafter the solution was suction
filtered and washed with water, ethanol and diethyl ether respectively and the green
precipitate was dried overnight. The precipitate was then dissolved in acetonitrile (10 mL) and
filtered to then have tetrachloroethane (3 mL) added and be rotary evaporated until 3 mL of
liquid remains. The solid was filtered and washed with dichloromethane and the [Fe(n-
CsH4CHO)(n-CeHs)]PFes was collected as a brown solid with a yield of 25.7 % (0.54 g, 2.40
mmol)

Ferrocenecarboxaldehyde
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Figure 9: Reaction scheme for synthesis of [Re(AAZ)(CO)3]Cl from [Re(CO)s]Cl, aaz and
acetonitrile.

[Re(aaz)(CO)s]CI?*: aaz (0.094g, 0.3 mmol) was dissolved in acetonitrile (10 mL) to then be
dried over liquid-N2 and heated up to room temperature two times. [Re(CO)s]CI (0.094 g, 0.3
mmol) was added to the solution and the round bottom flask is dried a third time and was then
covered in aluminum foil. The solution was then heated to 80 °C and stirred for 12 hours
without any light exposure. During the stirring a yellow precipitation could be observed. The
precipitate was filtered and washed with DCM and the [Re(aaz)(CO)s]Cl (0.091 g, 0.21
mmol) was collected with a yield of 70 %

0 —
O || 0 NH, ,HN (/_\;H/»
\\Re// ; 9</;\> CH;CN HN\RB/ o
// N— — / \

O
[Re(tacn)(CO);]Cl

Re(CO)sCl 1.4,7-triazacyclononane

Figure 10: Reaction scheme for synthesis of [Re(tacn)(CO)s]CI from Re(CO)sCl, 1,4,7-
triazacyclononane and acetonitrile

[Re(tacn)(CO)s]CI?*:  The [Re(tacn)(CO)3]ClI was synthesized using the same
method described as [Re(aaz)(CO)3]Cl with a yield of 74%

5.Results and Discussion
1. Ligands

The 4,4’-dimethyl-2,2’-bipyridine synthesis literature shows low vyields and long reaction
times, which meant the synthesis had to be repeated several times to get enough ligands for
the complexes. The literature implied the product would be separated from the reactant using
rotary evaporation, but we chose to distill the solution as the distillation setup was more
readily available and more controlled than the evaporation. Since the yield was so low, we
wanted to extract as much of the product as possible. Carrying out the reaction by reflux for
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three days using roughly 150 mL of 4-methylpyridine and 1/50 the mass of Pd/C only gave
trace amounts of the product, so we decided to reduce the amount of reactant to 70 mL and
increase the reflux to 5 days which greatly increased the yield to roughly 10%. The low yields
were suspected to be caused by the reflux being too gentle, so we tried a more aggressive
reflux which resulted in higher yields. Some of the reactions were suspected to be
contaminated by water since the solution did not boil at the right temperatures under vacuum,
and when it boiled, it was highly aggressive. The contamination came from the condenser, as
it was an open system and the conditions had high relative humidity. No bi-products were
taken into account since the addition of the C-C bond is exclusively meta-directing to the
methyl groups, and para/ortho directing to the nitrogen. Purifying the product through
distillation removed any unwanted species Both the carbon and hydrogen NMR spectra were
in agreement with the structure which proves successful synthesis and the purity of the
crystals.

105 4

100 |
954 T _ﬁr._ﬁ,,----——.mq-m,w,nxn,r‘m ol u{
o~ | v Y | A [\rlu M1,
= Jr 1 |' i I |
o 90 A || | f\f |
c l [
@ 1 | t |
=
T 854 ’
w
c -
£ ’
= 804
754 \
70 T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

viem")
Figure 11: ATR-spectrum of 4,4’-dimethyl-2,2’-bipyridine

The 4-Methyl-2,2-bipyridine-4-carboxaldehyde were synthesized with a yield of 26% without
any trouble since the synthesis is well established. The synthesis was altered in the first reflux
to fit the amount of reactant we used (10 mmol 4,4’-dimethyl-2,2’-bipyridine) to not waste
any excess of 4,4’-dimethyl-2,2’-bipyridine. The rest of the reaction used the same amount as
the referenced literature. Although the liquid-liquid extraction was not so successful as the
referenced reaction, as they suggested 20 extractions. Though after 20 extractions there was
still product in the organic phase, which was checked with TLC, so we did five further
extractions where in there was still a small spot on the TLC plate, so the yield could perhaps
have been improved. Comparing the IR spectra between the reactant and the product shows
three peaks at 2914, 2850 and 1700 cm™ at the product spectrum which are not present at the
reactant spectrum. This suggests that the 2914 and 2850 cm™ are the C-H stretches for the
aldehyde and the 1700 cm™ is the stretch for C=0 for the aldehyde.
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Figure 12: ATR-spectrum of carboxaldehyde bipyridine

The 1,10-Phenanthroline-5,6-dione were synthesized with a yield of 90 %. The steps in the
synthesis were followed according to the literature but with different amounts of reactants.
The refluxed solution was neutralized to make sure that the intermediate is protonated and not
in its anion state, so the species will exclusively end up in the organic phase for the extraction.
'H as well as *3C NMR analyses concluded that the synthesis was successful since the NMR
data were in agreement with the structure.

Dipyridophenazine (dppz) was synthesized with a yield of 80 % and the reaction was
followed according to the literature. It is important to add the reactants in the right order as bi-
reactions may occur if they are added in the wrong order. There was no NMR data for the
dppz ligand since we had trouble dissolving the product in CDClz so the product was
analyzed by IR instead. The IR data shows a strong band at 1339 cm™ that implies there is
aromatic N-C stretches. There is also a weak band at 3065 cm™ which corresponds to C-H
aromatic stretch and a weak band at 1630 cm™ which corresponds to C=C conjugated stretch.
This does not prove the exact structure of the compound but there is certain evidence that all
the bonds that are in the IR spectrum are in the product.
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Figure 13: ATR-Spectrum of dppz
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2. Photosensitizers

For the [Ru(Me2bpy).Cl2] and [Ru(phen)2Cl2] synthesis an excess of LiCl was used for the
purpose of having chloride ions present in solution incase a bound chloride dissociates from
the complex during the reflux, making sure that no solvent nor bi-products binds
competitively to the complex. It is important to have chloride bound to the complex for
further reactions such as binding another Mezbpy to the complex or creating a Ru-Ru bridge
as the chloride acts as good leaving group for further synthesis. Having a controlled
atmosphere, in this case a nitrogen atmosphere is important to keep any water and oxygen out
of the reaction vessel in case any bi-products would form. The reactant complex is a trans
isomer since the steric hindrance and the electron withdrawing effects of the chloride ions are
dominant for the isomerism. There was no characterization done for the product to see if the
isomerism was changed. It is possible for the product to react with another bipyridyl ligand in
both trans and cis states as the chlorides dissociate before the ligand binds to the metal since it
is not favored to put electrons into a higher d orbital for the metal, it is more energy efficient
to first dissociate the chloride into at 16 electron complex and then attach the bipyridyl. The
equipment used for the ATR spectra, did not allow measurements below 500 cm™ so there
was no way of actually report the Ru-N stretch although it can be proven that the bond exists
by looking at the displaced N=C bonds for the ligands, and that band should be at 1342-1266
cm™! but shows up at 1416 cm™ for our spectrum which proves there is a metal center present.
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Figure 14: ATR-spectrum of Ru(Me2Bpy)2Cl:

[Cu(Me2-bpy)2]BF4 was synthesized according to the literature but the yield (16.2%) was
surprisingly low as the literature was considerably higher. There is no known reason for why
the yield was so low, as the Mez-bpy and Cu(CHsCN)s was pure. The reason is ultimately
human error as there was little to no equipment used that could cause the low yield. The same
can be said about the IR-spectrum from the [Ru(Mezbpy)2Cl.] as for the [Cu(Me2-bpy)2]1BF4
IR-spectrum as the N=C stretch is reported at 1420 cm™ which again proves that a metal
center is present.
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Figure 15: ATR-spectrum of Cu(Me2Bpy)2.

[Fe(n-CsH4CHO)(n-CsHe)]PFs was synthesized according to the literature and analyzed with
ATR IR. The sample was not completely pure as seen by the ATR-spectrum in the 1200-800
cm™ range which only has one broad peak. Using ferrocene carboxaldehyde as reference one
difference is the absence of the peak at 3050 cm™ which corresponds to the C-H stretch for
the aromatic ring, which should still be visible as benzene exchanged from the
cyclopentadiene should have a stronger peak. There is no visible peak at 1750-1700 cm™ for
neither the reactant nor the product, which is the C=0O aldehyde stretch which makes it
impossible to know if the synthesis was successful or not as the aldehyde stretch would prove

if only the cyclopentadiene would be substituted or if both the carboxy cyclopentadiene and
the cyclopentadiene would be substituted.
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Figure 16: ATR-spectrum of [Fe(y-CsH4CHO)(n-CsHs)]PFe.
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3. Photo-CORM

The synthesis for [Re(aaz)(CO)3]Cl and [Re(tacn)(CO)z]Cl are very light-sensitive as the
product and the reactant can photo decompose so it was important to keep light away from the
reaction vessel using aluminum foil and reduced lightning in the lab. The solution was cooled
down using liquid nitrogen to exclude any oxygen to the reaction vessel which is important so
no bi-products can be created. The oxygen is excluded since the freezing point for oxygen is
below the temperature of the liquid nitrogen, so when the solvent is freezing, the gaseous
oxygen is pushed out of the solution into the atmosphere. the cooling is done three times to
ensure complete absence from oxygen.
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Figure 17: UV-VIS spectrum and rate of reaction for [Re(TACN)(CO).]CI (1 mmol*L* in
water) after light exposure from 400 to 200 nm, showing the initial rate constant at 255 nm,
where the intervals between each measurement is 5 minutes and the blanc is water.
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Figure 18: UV-VIS spectrum and rate of reaction for [Re(AAZ)(CO).]CI (1 mmol*L1) after
light exposure from 450 to 200 nm, showing the initial rate constant at 259 nm, where the
intervals between each measurement is 5 minutes and the blanc is water.

As seen in Figure 17 and Figure 18 the UV-VIS experiments for both the aaz and the tacn
complexes shows the same results. The peak at 255 and 259 nm is decreasing as the light is
exposed to the complex. The irradiated light is at 255 nm for both complexes but the peak for
the aaz complex is still decreasing, so the experiments was irradiated at the same wavelength.
The peak that is decreasing is the result of the complexes releasing CO, thus increasing the
electron density at the metal center, making it less readily available for absorption. As the
peak in the 255-259 nm area is decreasing, a peak is starting to form in the 220 nm area for
the aaz complex and 235 nm for the tacn complex as that is the intermediate product where
the complex has bonded a solvent molecule to stabilize itself. Although there is an obvious
difference for the tacn and the aaz complex as the tacn complex has a peak decrease in the
220 nm when the aaz has an increase at that range. This is suspected to be because the tacn
complex forms 2 different intermediates as aaz does not.

Reaction rate (k) st (10)
[Re(tacn)COs]CI 5.21
[Re(aaz)COz]CI 4.39

Table 1: Showing the initial reaction rates taken from figure 17 and 18 of the Rhenium
complexes at 255 nm and 259 nm respectively where the activity is at a maximum.
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As seen by Table 1, which is the calculated rate constant for each complex the tacn has a
slightly higher reaction rate than aaz does. It is important to note that the rate constant graph
in Figure 7 and 8 is not linear but is treated as pseudo-first order reaction as the only wanted
interaction is the one the complex makes with the irradiated light.
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Figure 19: IR-spectrum for [Re(TACN)(CO).]CI after light exposure at 255 nm where the
intervals between each measurement is shown to the right in the figure.
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Figure 20: IR-spectrum for [Re(AAZ)(CO).]CI after light exposure at 259 nm where the
intervals between each measurement is shown to the right in the figure.

The same can be said for the IR measurements as for the UV-VIS. As the CO releases from
the complex, the intensity of the peak is decreasing, as well as an increase in a new broader
peak for the intermediate compound that is formed. But the difference between the UV-VIS
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and the IR is that both the complexes reacts the same way in the IR and differently in the UV-
VIS since the IR has 2 decreasing peaks and 1 increasing peak.

[Re{aazjCC)JC]

— M

00 02 04 06 08 10 12 14
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Figure 21: Square wave voltammetry graph of [Re(aaz)(CO)sCl dissolved in water after t
minutes of light exposure at 255 nm with 200 mV/s intervals.

The same experiment was done using square wave voltammetry to see the oxidation capacity
of the complexes and how it changes when the CO is released. At t = 0 there is only one peak,
at roughly 1.05 V but after 10 minutes of exposure a peak is formed at 0.5 V, this proves that
the CO is released, and an intermediate is created as a result. After 40 minutes the peak at 0.5
V is at its highest but a peak at 0.7 V is starting to show up, as well as the unreacted complex
is displacing towards higher potentials. This suggests another intermediate is formed and
could be the results of the complex releasing another CO which enables new intermediated
such as M=M bond intermediates.
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Figure 22: Square wave voltammetry diagram of [Re(tacn)(CO)sCl dissolved in water after
t minutes of light exposure at 255 nm with 200 mV/s intervals.

The same can be seen for the tacn complex although the peak formed from the first
intermediate is much stronger than for the aaz complex and is at a higher potential but
decreases rapidly as the first intermediate peak is quite strong. The displacement of the
unreacted complex is bigger than for the aaz complex but is suspected to be the second CO
release intermediate, but it is unsure as the first intermediate does not decrease as it does the
aaz complex. This could mean that the second intermediate is not dependent on the first
intermediate for the tacn complex although it is not proven.

4.Conclusion

A series of ligands and complexes were synthesized with varied yields ranging from trace
amounts, up to 90 % yield. The Bipyridine syntheses was optimized, since the yields were so
low, to yield the highest amount of product as there was a high demand for the ligand. The
rest of the ligands were easily synthesized with a high yield which meant that the reaction did
not have to be repeated. The purity of the ligands was proved by IR and NMR spectroscopy.
The complex syntheses were yielded high amounts of product and the Re complexes were
characterized to test their effectivity in releasing CO molecules under light irradiation with
successful results and the rest of the complexes were characterized to prove their purity.
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100

90—
80 - \ /7

70 +

Transmittance (%)
=

60

50

40 T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

v(em™)

Figure 23: ATR-spectrum of Phenanthroline
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Figure 24: ATR-Spectrum of Ferrocene
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Figure 25: 1H NMR-spectru'rﬁwafizm’-dimethyl-2,2’-bipyridine. 'H NMR (400 MHz,
CDCl3): 6 8.54 (d, J =4 Hz, 2H), 8.22 (s, 2H), 7.14 (d, J = 4 Hz, 2H), 2.44 (s, 6H)

bpy.002 esp

T T T T T T T T . LA A ] LA b LA ) LA ) M LA I M
170 150 15 U 140 130 120 110 100 90 70 50 50 40 30 20 10 0
Chemical Shift (ppm,a

Figure 26: 13C NMR-spectrum of 4,4’-dimethyl-2,2’-bipyridine 3C (400 MHz, CDCls): ¢
156 03, 148.91, 148.12, 124.63, 122.00, 94.90, 21.18
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Figure 27: 1H NMR-spectrum of diona. *H NMR (400 MHz, CDCl): 6 9.14 (d, J = 4 Hz,
2H) 8.52 (d, J = 8 Hz, 2H), 7.61 (q, J = 7.6, 4.8 Hz, 2H)
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Figure 28: 13C NMR-spectrum of diona, *3C (400 MHz, CDCls): 6 178.67, 156.43, 152.91,
137.33, 128.07, 125.62.
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Figure 29: 1H NMR-spectrum of phenanthroline, tH NMR (400 MHz, CDCls): 6 9.19 (m,
2H), 8.24 (d, J = 4 Hz, 2H), 7.78 (s, 2H), 7.63 (dd, J = 7.9, 4.4 Hz, 2H)

phen. 002 e3p

Flgure 30 13C NMR spectrum of phenanthrollne 13C (400 MHz CDCls): ¢ 150.29, 146.22,
135.96, 128.61, 126.50, 123.05.
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