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Abbreviation
Cod.
Cod.P
FeCls
(NH.):Fe(S04)2:6H:0
Fex(S0a4)s
CuCl:'H:0
MgCl.
NiSOs
Na.CO:s
HsPO.
DMSO
EtOH
MeOH
T
FTIR
UV-Vis
DFT
NEB

LMCT

Definition
Codeine
Codeine Phosphate
Ferric Chloride
Ferrous Ammonium Sulfate
Ferric Sulfate
Copper(Il) Chloride Monohydrate
Magnesium Chloride
Nickel(Il) Sulfate
Sodium Carbonate
Phosphoric Acid
Dimethyl Sulfoxide
Ethanol
Methanol
Temperature
Fourier Transform Infrared Spectroscopy
Ultraviolet—Visible Spectroscopy
Density Functional Theory
Nudged Elastic Band Method

Ligand-to-Metal Charge Transfer



Fe—O bond
Amax

nm

eV

Ha

g

M

pH
Method 01
Method 02
Cod-M
Cod.P-M

-M

Iron—Oxygen Coordination Bond

Maximum Absorption Wavelength
Nanometer

Electronvolt

Hartree (unit of energy in quantum chemistry)
Gram

Molar Concentration (mol/L)
Acidity/Basicity Scale (Power of Hydrogen)

Protocol for synthesis based on the use of codeine or Cod.P in organic solvents

Protocol for synthesis based on the use of codeine or Cod.P in the aqueous phase
and the use of heating and pH adjustment.

Complex formed between pure codeine (Cod.) and a metal ion (M)
Complex formed between codeine phosphate (Cod.P) and a metal ion (M)

Metal ion



ABSTRACT

Abstract

Codeine has many medical uses, such as pain relief and cough medicine. This study focused on the
synthesis of complexes between codeine and metals. The published structure of the codeine-Fe(l11)
complex by (Ghamami et al). was used as the starting point for this study. First, the compound
itself was modeled using DFT and NEB methods to evaluate its stability and energy interaction
properties. Then, the Fe(l11)-codeine compound was synthesized Practical, and different organic
solvents were tested in the complex formation to evaluate the effect of the medium on the result.
The resulting precipitates were then analyzed using UV-visible and FTIR spectroscopy.

An attempt was made to synthesize complexes between pure codeine and codeine phosphate with
different metal ions such as Fe?*, Cu?*.Two methods were used to synthesize the complexes: the
first in an organic medium (method 1) and the second in an aqueous medium with heating (method
2). The resulting precipitates were evaluated in terms of color and yield. The products were
analyzed using FTIR and showed signs of possible codeine-metal coordination in several cases,

although the nature of the resulting precipitates remained inconclusive in some cases.

Overall, this study demonstrates the possibility of forming codeine-metal complexes, and may
serve as a starting point for pharmacological research based on the synthesis of new stable

complexes.

Keywords: codeine, codeine phosphate, metal complexes, coordination chemistry.
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Résumé

Résumeé

La codéine a de nombreuses utilisations médicales, telles que le soulagement de la douleur et le
traitement de la toux. Cette étude s'est concentrée sur la synthése de complexes entre la codéine et
des metaux. La structure publiée du complexe codéine-Fe(l1l) par (Ghamami et al). a été utilisée
comme point de départ pour cette étude. Tout d'abord, le composé lui-méme a été modélisé a l'aide
des méthodes DFT et NEB afin d'évaluer sa stabilite et ses propriétés d'interaction énergétique.
Ensuite, le composé Fe(lll)-codéine a été synthétisé expérimentalement, et différents solvants
organiques ont été testés dans la formation du complexe afin d'évaluer I'effet du milieu sur le
résultat. Les précipités obtenus ont ensuite été analysés par spectroscopie UV-visible et FTIR.

Nous avons ensuite tenté de synthétiser des complexes entre la codéine pure et le phosphate de
codéine avec différents ions métalliques tels que Fe?* et Cu?". Deux méthodes ont été utilisées pour
synthétiser les complexes : la premiere dans un milieu organique (méthode 1) et la seconde dans
un milieu aqueux avec chauffage (méthode 2). Les précipités obtenus ont été évalués en termes de
couleur et de rendement. Les produits ont été analysés par FTIR et ont montré des signes d'une
possible coordination codéine-métal dans plusieurs cas, bien que la nature des précipités obtenus

soit restée incertaine dans certains cas.

Dans I'ensemble, cette étude démontre la possibilité de former des complexes codéine-métal et
pourrait servir de point de départ a des recherches pharmacologiques basées sur la synthése de

nouveaux complexes stables.

Mots-clés : codéine, phosphate de codéine, complexes métalliques, chimie de coordination.
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I. INTRODUCTION

I. Introduction

Codeine is a drug that has many medical uses, such as pain relief and cough suppression, there has
been growing interest in the scientific field in studying its ability to form coordination complexes
within an important branch of chemistry known as “coordination chemistry.” This field is defined
as the study of chemical compounds that arise from the binding of metal ions to molecules or ions
called “ligands” through bonds known as coordination bonds [1]. Coordination compounds have
specific spatial structures, such as octahedral, tetrahedral, or square planar shapes, and in addition,
they have distinctive electronic properties that give them stability [2].Between a central metal atom
and ligands, bonds called coordination covalent bonds are formed, where the ligand donates a
shared pair of electrons to the central metal atom, which usually has empty orbitals, leading to the
formation of a stable compound [3].In these compounds, d-d electron transitions or charge transfer
(CT) can occur [4]. These electronic transitions can appear as specific absorption bands in
ultraviolet and visible spectra. and any change in the geometry of the complex or the strength of
the bond may lead to changes in the wavelength and intensity of absorption [4-5]. In this context,
codeine is considered a molecule capable of acting as a ligand, opening the door to the possibility

of synthesizing new metal complexes.

Previous studies have investigated the ability of codeine to form compounds with transition metals
by (Zayed et al). [6] and [7] using combined physical-chemical analytical methods. They concluded
that the compounds formed are highly stable.

A study on the formation of a complex between codeine and iron was also reported, and the

complex was characterized by analytical methods by (GHAMAMI et al) [8].

(as shown in Figure 1). The results of their study indicate that the resulting complex has the ability
to inhibit the growth of MCF-7 (breast cancer) and AGS (stomach cancer).

16



I. INTRODUCTION

Figure 1 Molecular Structure of the Codeine-Fe(l11) Complex

Codeine is an opioid known for its effectiveness in relieving pain and suppressing coughs. It is
derived from the poppy plant and is specifically manufactured through the methylation of
morphine. Although it is sometimes used in prescription medications, it is also found in a number
of over-the-counter (OTC) medications [9]. The effectiveness of codeine lies in its conversion to
morphine, which is the active ingredient through a metabolic process that occurs within the body
[10]. Codeine can be considered one of the best pharmacological options for the treatment of mild
to moderate pain, as studies have demonstrated its efficacy in cases such as post-operative pain and
chronic pain [11] .1t is also a reliable option for treating cough, especially when traditional
treatments fail to control it [12] . As a “mild opiate,” codeine offers a safer alternative in pain
management strategies, especially in patients who are likely to be severely affected by the side
effects of strong opioids [13].

Pharmaceutically, codeine can be found in two basic forms: pure codeine and codeine phosphate,
both of which are the same active ingredient but with a slight difference in chemical composition.
Pure codeine, known by its scientific name 3-methoxy-17-methylmorphinan, has the molecular
formula (C1sH2:1NOs) and is characterized by a four-ring structure that is a distinctive feature of the
opium family, with a methoxy group at position 3 and a hydroxyl group at position 6 [14] As for
codeine phosphate, its chemical formula is (CisH24NO-P) [15], we note that a phosphate group
(PO4) has been introduced, which enhances the compound's solubility in water, facilitating its
absorption into the body and increasing its pharmacological efficacy [16] . In summary, pure
codeine retains its classic structure as a morphinan derivative (as shown in Figure 2), but is

characterized by poor water solubility, which may limit its bioavailability.
17



I. INTRODUCTION

H,C—O

HO

Figure 2 Molecular Structure of Pure Codeine

Codeine phosphate, on the other hand, thanks to its phosphate-enhanced structure (as shown in
Figure 3), is more compatible with modern pharmaceutical uses, combining efficacy and rapid
absorption—making it a smart choice in contemporary pharmaceutical practice.

H,C—O

N—CH,.H3PO4

HO

Figure 3 Molecular structure of codeine phosphate

The aim of our study was to synthesize quaternary complexes with different transition metals and
study them using analytical techniques such as UV-visible and FTIR. The synthesis of the
complexes involved the use of pure codeine and codeine phosphate to study the differences
between them and the effect of phosphate ions on the coordination between codeine and the metal.
During the study, synthesis was carried out using two different methods, the first in organic
solutions and the second in aqueous solutions, to study the effect of the medium on the final results
of the complexes and precipitates.
The study is divided into four main parts. The first section deals with a theoretical study of the

18



I. INTRODUCTION

stability of the codeine and iron complex, where the molecular structure of the complex described
by GHAMAMI and his colleagues is considered the starting point for this study, relying on the
density functional theory (DFT) to evaluate the stability of the complex. DFT enables us to
calculate the total energy, electron density, and molecular geometry accurately and efficiently by
expressing the energy of the system as a function of electron density instead of relying on complex
wave functions such as the Schrodinger equation [17]. In this part of the study, geometry
optimization of the complex was performed using Material Studio software, which allowed access
to the most energetically stable structural configuration. In addition to evaluating the structure and
energy, the theoretical analysis was extended using the driven rubber band theory (NEB), a
technique used to plot the minimum energy path (MEP) between two steady states, such as
reactants and products. This theory relies on creating a series of intermediate “images” of the
compound along the reaction pathway, which are then progressively optimized to determine the
transition state and energy barrier (Ea) of the reaction [18]. This has enabled analysis of the
dynamic path that a complex may take during its reaction, helping to understand the possible
reaction mechanisms. In addition, the reaction energy (Er) has been calculated to determine
whether the reaction is exothermic or endothermic. After a theoretical study of the complex of
codeine and iron (I11), in the second section of the study, a codeine-iron complex was synthesized
using different organic solvents during the reaction to evaluate the effect of the medium on the
results of the complex. The precipitates and complexes were then analyzed using analytical
techniques, including UV-Visible, where the complex was dissolved in DMSO, and the compounds
were and the compounds were analyzed using FTIR. After the results obtained in the second
section, the study was expanded in the third section to include the possibility of complex formation
or coordination between codeine and different transition metals. The working conditions and
reactions were the same as in the second section. In the fourth section of this study, codeine were
synthesized in their pure form and codeine phosphate with different transition metals, where in this
part, reactions are carried out in aqueous solutions instead of solvents. for studies and
characterization of the differences between the compounds and to study the effect of codeine in its

pure form or with phosphate on the results of complex coordination.
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Il. MATERIALS AND METHODS

Il. MATERIALS AND METHODS

2.1.Materials

All chemicals, reagents, and solvents used in this study were of analytical grade. Pure codeine was
used as the starting material in the reactions and for the preparation of codeine phosphate (Cod.P).
The metal salts used in the preparation of the complexes included the following: ferric chloride
(FeCls), ferrous ammonium sulfate ((NH,).Fe(SO,),-6H,0), copper (Il) chloride dihydrate
(CuCl;-2H,0), nitrate hexahydrate nickel (I1) chloride, magnesium chloride, cobalt chloride,
The solvents used in these experiments included distilled water, acetone, acetonitrile, ethanol, 2-
propanol, and DMSO, and Na,CO; was prepared at a concentration of 10-2 molar.
In the synthesis of codeine phosphate, phosphoric acid (HsPO,, 85%) was subsequently used. All

glassware and reaction vessels were cleaned and thoroughly dried before each use
2.2. Study of complex stability using computational methods

Using the molecular structure of the compound codeine- Fe(ll) as shown in Figure 1 (in part of
the introduction), the complex was modeled using BIOVIA Materials Studio 2023 software,
where the reaction between pure codeine (CisH21NOs) and ferric chloride (FeCls) was simulated
using the Nudged Elastic Band (NEB) method in 15 steps, allowing us to determine the transition
states and reaction path. The reaction products were the complex [Fe(CisH21NOs)]Cl: and the by-
product HCI.

The structural and energetic properties of the complex were studied using density functional theory
(DFT) with geometry optimization.

20



Il. MATERIALS AND METHODS

2.3. Preparation of the Codeine—Fe(l11) Complex in Different Solvents (Method
1)

The codeine-Fe(l11) complex was prepared with several different organic solvents (ethanol,
acetonitrile, acetone, and 2-propanol) to verify the effect of the solvent medium on complex
formation and reaction yield. Initially, tests were conducted to verify the solubility of both codeine

and FeCls and the possibility of precipitate formation with solvent change.

Then, a complexation reaction was performed, where 0.01 mol of pure codeine was mixed with
0.01 mol of FeCls in 80 ml of organic solvent, and the reaction mixture was stirred for 4-5 hours at
room temperature. The precipitate was then filtered using filter paper and dried overnight in an

oven at 70 °C to obtain the final solid compound.

The solvents were changed to verify the effect of the reaction medium on the formation of the
codeine-iron complex, and the results were compared based on visual observation and spectral

analysis.
2.4. Preparation of Codeine Complexes with Different Metal lons (Method 1)

We conducted a preliminary test to verify the possibility of precipitating and dissolving metal salts
such as NiSO4, MgClz, CuCl: in different organic solvents, including acetone, acetonitrile, and 2-

propanol.

In the reaction, we mixed 0.01 mol of pure codeine with 0.01 mol of the selected metal salt in 70
ml of acetone solution with continuous stirring at room temperature for 4-5 hours. At the end of
the reaction, the resulting precipitate is separated by filtration using filter paper, and then the

precipitate is dried overnight in an oven at 70 °C to obtain the final compounds.

21



Il. MATERIALS AND METHODS

2.5. Preparation of Solid Complexes of Cod.P-M and Cod-M (M = Fe(ll),
Fe(l11), Cu(ll))

Synthesis of solid compounds of codeine phosphate (Cod.P) with selected metal ions — Fe(ll),
Fe(I11), and Cu(ll). In each reaction, 0.198 g of codeine phosphate was dissolved in 12 mL of
distilled water, and the appropriate metal salt — either 0.196 g of ferro ammonium sulfate, 0.169
g of iron sulfate, or 0.170 g of copper (I1) chloride — was dissolved in 15-17 ml of distilled water.

The metal solution was added to the binder solution, and the pH was adjusted using 0.1 molar
Na.COs to values of 5.1, 5.0, and 6.5, respectively, depending on the metal ion. The reaction
mixture was placed in a round-bottom flask, connected to a Vigreux column, and immersed in a
hot water bath with continuous stirring and gentle reflux for 1-2 hours, depending on the rate of

compound formation.

Instead of filtration, the resulting suspensions were centrifuged to separate the precipitated
compounds from the supernatant. Each solid residue was then concentrated by redispersing it in a
small volume of solvent and left to dry overnight at room temperature to obtain the final solid

compounds.

Solid compounds were then synthesized from pure codeine with the same metal ions. In each
reaction, 0.150 g of pure codeine was dissolved in 12 ml of distilled water, and the same laboratory

procedures as above were followed.
2.6. Preparation of Codeine Phosphate from Pure Codeine

We prepared codeine phosphate (Cod.P) in the laboratory from pure codeine in order to carry out

complexation reactions.

Working protocol To produce 0.01 mol of Cod.P, we need 0.01 mol of pure codeine, i.e. 2.99 g,
and 0.67 ml of phosphoric acid (HsPOa, 85% concentration), as well as distilled water and ethanol.
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Procedure In a 100 ml beaker, we dissolved 2.99 g (0.01 mol) of pure codeine in a small volume
of warm distilled water with stirring. Then, 0.67 ml of 85% phosphoric acid (equivalent to 0.01

mol HsPO.) was added dropwise to this solution with continuous stirring.

The mixture was stirred at room temperature for 30-60 minutes until a homogeneous solution was

formed and precipitation appeared.
The solution is then cooled in an ice bath to complete the precipitation of codeine phosphate.

The precipitate is separated by filtration, washed with only 2-5 ml of cold ethanol, and left to dry

overnight at room temperature.

The final product is then stored and used in subsequent complexation reactions.
2.7 Characterization Techniques

2.7.1 Ultraviolet and visible spectroscopy: Electronic absorption spectra were recorded using a
UV-Vis spectrophotometer in the range of 200-800 nm in DMSO solution to confirm the
composition of the compounds. A UVIine9400 spectrophotometer provided by Secomam was used.

2.7.2 Fourier transform infrared spectroscopy (FTIR): FTIR spectra were recorded in the range
of 4000-400 cm™! using the KBr pellet method to determine changes in the vibrations of functional

groups indicating coordination. An FT/IR-4200 provided by Jasco was used.
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I11. Results and Discussion

3.1 Computational Study of Fe(+3)-Codeine Complex

To facilitate our understanding of the reaction mechanism and stability of the Fe—codeine complex,
a quantitative chemical simulation was performed using the Nudged Elastic Band (NEB) method
on 15 intermediate steps. The aim was to determine the reaction path and transition state, as well
as the activation energy. The energy profile resulting from the NEB calculations is shown in Figure

4 (which represents the evolution of energy along the reaction path).
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Figure 4 Reaction Energy Path of Fe(+3)-Codeine Complex

The energy curve obtained reveals that the reaction is endothermic, with a total change in reaction
energy of AE, = (+1.26 eV or 0.04646 Ha), indicating that the overall transition from the initial
state to the final state requires energy absorption.
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AEs = Efproduct - Efreactant = - 3622.25782 - ( - 3622.30428 )
AEs=0.04646 Ha =+ 1.26 eV

e Efproduct : Total energy of the product (Ef (i15) = -3622.25782 Ha).

e Efreactant : Total energy of the reactant (Ef (i1) = -3622.30428 Ha).
The profile also shows us a high activation barrier (Ea) of approximately (2.82 eV or 0.10364 Ha),
indicating the presence of a high-energy transition state and the need for significant activation

energy to initiate the reaction process.
Ea = Eftransition state - Efreactant = - 3622.20064 - (- 3622.30428 )
Ea =0.10364 Ha =+ 2.82 eV

e Ea: Total energy of the highest point in the path - Ef (i8) = -3622.20064 Ha.

We also performed density functional theory (DFT) calculations to evaluate the energetic
stability of the final Fe—codeine complex. The optimized geometry of the complex shows a total
energy of —3161.789182 Hartree (Ha) and a binding energy of —-8.5953721 Ha <Figure 5 shows
that the geometric shape of the compound we obtained is the most stable in terms of energy, and
this shape can be used later to calculate spectral or interactive properties. We can use the total
energy of the compound to compare it with the energies of similar compounds or complexes to

determine which is more stable, since the lower the total energy, the greater the stability.

Based on the interaction energy and activation energy, we conclude that the coordination reaction
between the codeine and iron is an endothermic reaction. This result may explain how to select the

Working protocol for future implementation of the reaction.
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Figure 5 Optimized Geometry of Fe(+3)-Codeine Complex (DFT Calculation)

Atomes [ Red = oxygen, purple = iron, green = chlorine, gray = carbon, white = hydrogen]

3.2 Solvent-Dependent Formation and Characterization of Fe—-Codeine

Complexes

The working results presented in this section correspond to the synthesis described under
Preparation of the Codeine—FeCls Complex in Different Solvents (Method 1) in the Materials
and Methods section. In all cases, the reactions were carried out by mixing 0.01 mol of pure
codeine with 0.01 mol of FeCls in different organic solvents to evaluate the impact of the solvent

on complex formation, yield, and structural properties.
3.2.1 Preliminary Solubility and Precipitation Tests

We performed a quick test of the solubility of codeine and FeCls compounds in various solvents,
including ethanol, acetone, acetonitrile, and 2-propanol. All three compounds dissolved in the four
solvents; however, brown precipitates were observed only in acetone, acetonitrile, and 2-propanol,

while no precipitates formed in ethanol.
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Table 1 Solubility of reactants and observation of precipitate formation in different solvents

Solvent Solubility of Reactants  Precipitate Formation
Acetonitrile Soluble Brown precipitate
Acetone Soluble Brown precipitate
Ethanol Soluble No precipitate
2-Propanol Soluble Brown precipitate

3.2.2 Yield and Physical Characteristics of the Complexes

After the complexation reaction and drying process, we measured the dry masses of the solids
obtained from the reactions. The results showed us a clear variation in yield depending on the

solvent:

Table 2 Mass of dried Fe—codeine complexes obtained from different solvents

Mass of Dried
Solvent Observed Color
Complex (g)
Acetonitrile 0.366 Dark brown
Acetone 0.795 Dark brown
2-Propanol 1.552 Dark brown

We noticed that all precipitates were dark brown in color, but the 2-propanol solution yielded the

highest mass, indicating that it promotes more efficient or stable precipitation of the complex.
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3.2.3 UV-Visible spectra of codeine, FeCls, and Fe—codeine complex:

recorded the UV-visible spectra of pure codeine, FeCls, and the resulting Fe—codeine complex in
DMSO in order to study the electronic transitions and confirm the formation of the complex.

The codeine spectrum showed a clear absorption band at Amax = 285 nm and Amax =260 nm,
which is attributed to 1 — w* electronic transitions. and n — 7*. In contrast, FeCls showed a peak

at Amax = 263 nm.

Upon integration, the Fe—codeine compound showed two main absorption bands at 265 nm and
285 nm, corresponding to 1 — w* and n — w* transitions, respectively. We also observed the
appearance of a broad shoulder in the 310-425 nm range, which, despite its low intensity, is a

characteristic feature of LMCT transitions involving Fe** and the codeine ligand.

The disappearance of the FeCls peak at 265 nm, together with the appearance of new bands in the
complex spectrum, provides clear evidence for the formation of an Fe—codeine coordination

compound, which is consistent with the UV spectrum analysis in the work of (GHAMAMI et al)
[8].

—— Complex Codeine—Fe(lll)
184
——FeCI3

16 1.2
1.4

1.2

e
o
L

5104
e}

2
o
!

2084

Absorbance

064

=2
S
1

044

e
(X
L

0.2+

e
=1
L

004

T T T T T 1
250 300 350 400 450 50 250 300 350 400 450 500
wavelength [nm] wavelength [nm]

. .. ) Figure 7 UV-Visible spectrum of the Fe—codeine complex
Figure 6 UV-Visible spectrum of FeCl; in DMSO in DMSO

28



I11. RESULTS AND DISCUSSION

—— FeCI3
—— codeine
—— Complex Codeine—Fe(lll)

=
(=]
1

—— codeine

=
A (=2
1 1

-

o

1

= =
(=1 LSl
I 1

0.8+

o
(=]
1

Absorbance
o
(=
L

o
S
1
Absorbance

o
.
L
<
=
L

o
)
1
o
LS}
!

o
o
1

4
=}
1

T T T T T 1
250 300 350 400 450 50(
wavelength [nm]

T T T T T 1
250 300 350 400 450 50(
wavelength [nm]

Figure 9 Comparative UV-Visible spectra of codeine, FeCls,

and the Fe—codeine complex . . o
Figure 8 UV-Visible spectrum of pure codeine in DMSO

3.2.4 FTIR Analysis and Spectral Comparison of Fe—Codeine Complexes Synthesized in

Different Solvents
3.2.4.1 Comparison Between Complexes Prepared in Different Solvents

FTIR spectra of Fe—codeine compounds prepared in acetonitrile, acetone, and 2-propanol showed
a high degree of similarity in terms of characteristic absorption bands, indicating that the overall

coordination pattern remained constant across different organic solvents.

Despite the similarity in peak locations, we observed slight changes in the intensity of the bands.
These differences can be attributed to the effect of the solvent on molecular packing,

degree of crystallization, or hydrogen bonding interactions during complex formation.
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Figure 10 FTIR spectra of Fe—codeine complexes prepared in acetonitrile, acetone, and 2-propanol

3.2.4.2 Comparison Between Free Codeine and Fe—Codeine Complexes

To confirm the coordination between Fe** and codeine, a comparative FT-IR analysis was
performed between pure codeine and the Fe—codeine complex synthesized in acetonitrile. The main
observed functional groups and their associated absorption bands are summarized in the following

tables.

A comparison of the FT-IR spectra of pure codeine and the codeine-Fe(lll) complex synthesized
in acetonitrile solution reveals clear spectral modifications confirming the formation of a

coordination complex
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Table 3 FT-IR data for codeine

Vibration Assignment

Wavenumber (cm™)

3532 O-H (free alcohol)

3469, 3415 O-H (intermolecular hydrogen bond)
3019 =C—H (aromatic ring)

2928 C—H (sp3, aliphatic)

1636 C=C (cis-alkene)

1605, 1502, 1453 C=C (aromatic)

1276 C—N (aromatic amine)

1250 C-O-C (cyclic ether)

1056 C—O—Me (ether)

One of the most important observations is the disappearance of the sharp O—H stretching band at
3532 cm™!, which is characteristic of free hydroxyl groups in codeine. This suggests that the
hydroxyl group has participated in coordination with the Fe** ion, most likely leading to the

formation of an Fe—O bond.

In addition, the band at 1250 cm™! corresponding to the cyclic ether C—O-C stretching present in
the codeine spectrum is absent in the compound, indicating to us a change in the environment
surrounding the ether function, possibly due to structural rearrangement resulting from

coordination or bond polarization.

The complex spectrum also shows two new bands at 628 cm ™! and 472 cm™!, which are not present

in the codeine curve and can be said to be related to Fe—O vibration modes.
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These new signals provide direct evidence for the formation of a metal-oxygen bond, which is a

characteristic feature of Fe—O coordination in such compounds.

Slight shifts were also observed in other functional groups such as C=C (aromatic), C—N, and C—
O-Me, further supporting the alteration of the electronic environment around these groups as a

result of complexation.

Overall, these spectral characteristics confirm that Fe** coordinates with codeine through its
oxygen-containing groups, resulting in a stable Fe—codeine complex, with clear changes in both
the high-frequency (O-H) and low-frequency (metal-bond) regions of the infrared spectrum , This
IS consistent with the results obtained in the infrared spectrum analysis in the work of (GHAMAMI

et al) [8].

Table 4 FT-IR data for codeine-Fe(l111) complex

Wavenumber (cm™)  Vibration Assignment

3476, 3414 O-H (intermolecular hydrogen bond)
2928 C—H (sp?, aliphatic)

1638 C=C (cis-alkene)

1617, 1504, 1454 C=C (aromatic)

1273 C—N (aromatic amine)

1049 C—O-Me (ether)

628, 472 Fe—O (metal-ligand coordination)
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Figure 11 FTIR spectra of codeine and its Fe(111) complex in acetonitrile (Showing key spectral differences confirming complex
formation)

3.3 Preparation and Characterization of Codeine Complexes with Different
Metal lons (Method 1)

In the scope of our research conducted in the previous section on the formation of Fe(ll1)—codeine
complexes, we expanded our study to explore the possible interactions between codeine and other
metal ions. Our goal was to evaluate whether it is possible to obtain similar complexes with metals

such as Cu*", Ni**, and Mg*", as well as to analyze the properties of the resulting precipitates
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through FTIR. This examination provides insight into the coordination behavior of codeine with

various metals and solvents.
3.3.1 Preliminary Solubility and Precipitation Screening with Different Metal lons

First, we performed a series of initial solubility tests and rapid line tests to evaluate the behavior of
codeine with different metal salts (Ni?*, Mg?*, Cu?*) in different solvents (2-propanol, acetonitrile,

acetone).
3.3.1.1 Solubility Tests :

All tested metal salts and codeine dissolved in the selected solvents except for Ni2* and Mg?* salts,

which were either completely insoluble or had very low solubility.
3.3.1.2 Precipitation Tests:

We prepared mixtures of equal molar solutions of codeine and soluble metal salts to test for the

possibility of precipitation.

Table 5 Effect of solvent on precipitation in the CuCl-codeine system

System Solvent Observed Precipitate
codeine + CuCl. 2-propanol Brown precipitate
codeine + CuCl. acetone Blue precipitate
codeine + CuCl. acetonitrile Brown precipitate

We observed the appearance of solid precipitates in most systems, indicating an interaction

between codeine and metal ions, which may lead to the formation of various complexes.

3.3.2 Solid Product Preparation and Yield Determination

Based on the preliminary observations, selected systems were scaled up to prepare isolated solid

products. In each case, 0.01 mol of codeine was mixed with 0.01 mol of the metal salt in acetone,
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stirred at room temperature for 4 hours. The resulting precipitates were collected, dried, and

weighed.

Table 6 Physical Properties of the Dried Precipitate Formed with CuCl.-codeine system

Metal lon  Color of Dried Precipitate Mass of Dried Precipitate (g)

Cu* Green 2.1067

3.3.3 UV-Visible of codeine, CuCl., and the precipitated solid product

We recorded the visible ultraviolet radiation of codeine, CuCl., and the precipitate resulting from
the Codeine-Cu Complex coordination process, where the codeine spectrum showed a clear
absorption range at A max = 285 nm and also a value at 260 nm, which is attributed to 1 — ©*

electronic transitions. and n — 7*. The CuCl. spectrum showed a peak at A max =290 nm.

In comparison, the spectrum of the precipitate resulting from the Codeine-Cu Complex
coordination process showed a clear absorption range at A max = 285 nm and a value at 260 nm.
We note a match between the codeine and the complex, which indicates the presence of a codeine
structure in the complex. We also observed the appearance of a broad shoulder in the 300-400 nm
range, which, despite its low intensity, is a characteristic feature of LMCT transitions involving the
copper and the codeine ligand. This may indicate the formation of a complex.
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complex in DMSO

3.3.4 FTIR Analysis of Solid Products

Comparison of FT-IR spectra of pure codeine and the codeine-copper complex synthesized in
acetone solution reveals clear spectral modifications confirming the formation of a coordination

complex. One of the most important observations is the shift of the sharp O—H stretching band at
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3524 cm™', which is characteristic of free hydroxyl groups in codeine. This indicates that the

hydroxyl group did not participate in coordination with the copper ion.

In addition, the band at 1250 cm™ corresponding to the C—O—C periodic ether extension present in
the codeine spectrum is absent in the compound, indicating a change in the environment
surrounding the ether function, which may indicate the contribution of oxygen in the formation of

a coordination bond between codeine and copper.

The complex spectrum also shows two new bands at 608 cm™, 520 cm™, and 464 cm™', which are

not present in the codeine curve and can be said to be related to Cu—O vibration patterns.

These new signals provide direct evidence for the formation of a metal-oxygen bond, which is a

characteristic feature of Cu—O coordination in such compounds.

Slight changes were also observed in other functional groups such as C=C (aromatic), C—N, and
C-O-Mie, further supporting the change in the electronic environment around these groups as a

result of complexation.

Overall, these spectral characteristics confirm that copper coordinates with copper through its
oxygen-containing groups, resulting in a stable codeine-copper complex, with clear changes in the

cyclic ether C-O-C region and low frequency (metal bond) of the infrared spectrum.

Table 7 FT-IR data for codeine-copper complex

Wavenumber (cm™) Vibration Assignment

3524 O-H (free alcohol)

1642 C=C (cis-alkene)

1606, 1501, 1454 C=C (aromatic)

1267 C—N (aromatic amine)

1073 C—O-Me (ether)

608, 520,464 Cu-O (metal-ligand coordination)
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Figure 16 FTIR spectra of codeine and its copper complex in acetone (Showing key spectral differences confirming complex

formation)

3.4 Characterization of Solid Products Obtained by Mixing Codeine or Codeine
Phosphate with Selected Metal lons (Method 2)

This section aims to evaluate the ability of both codeine phosphate (Cod.P) and pure codeine to

interact with selected metal ions (Fe?, Fe**, Cu?") under aqueous reaction conditions (Method 2).

The resulting precipitates were collected and analyzed to assess their color and FTIR spectral

characteristics, enabling a comparison of the coordination behavior of each ligand type.
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3.4.1 Visual Observation of the Precipitates

The difference in the color of the precipitates suggests that the nature of the ligand (neutral or
phosphate form) strongly influences the type of solid product obtained, possibly indicating
differences in the mode of interaction or the composition of the precipitate.

Table 8 Visual observation of the precipitates obtained from the reaction of codeine or codeine phosphate with selected
metal ions (Method 2).

Ligand Fe* Fe* Cu?
Codeine (pure) Orange Dark red Green
Codeine phosphate (Cod.P) White White White

3.4.2 FTIR Spectral Analysis

3.4.2.1 Precipitates from Codeine Phosphate + Metals

To assess the possible formation of coordination interactions between codeine phosphate and
selected metal ions (Fe**, Fe**, Cu?*), the FTIR spectra of the obtained precipitates were recorded

and compared to that of the free ligand. The main bands and observed shifts are summarized below.

3.4.2.1.1 FTIR Spectral Analysis of Fe(11)-Codeine Phosphate Precipitate

As shown in Figure 17, the FTIR spectrum of the Fe(ll)-Codeine Phosphate precipitate reveals
the disappearance of the free O—H stretching band (3532 ¢cm™), with a broad band emerging at
3413 cm™', which may suggest the involvement of the hydroxyl group in interaction with Fe**

and/or the presence of coordinated water molecules.
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Table 9 FTIR bands of Fe(l1)-Codeine Phosphate precipitate

Functional group Wavenumber (cm™)
O-H (coordinated or H-bonded) 3413

C=C (cis-alkene) 1637

C=C (aromatic) 1505, 1401

C-O-C (cyclic ether) 1050

M-0O (metal-oxygen) 598, 790

The C=C bands (cis-alkene and aromatic) remain visible at 1637 cm™, 1505 cm™, and 1401 cm™,

indicating that the aromatic structure of the ligand is largely preserved.

A notable shift of the C—-O—C ether band from 1250 cm™ to 1050 cm™ may reflect potential

coordination through the ether oxygen.

Moreover, the appearance of new bands in the 598-790 cm™ region could correspond to M-O

vibrations, suggesting the possible formation of Fe—O bonds in the precipitate.
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Figure 17 Overlay FTIR spectra of codeine phosphate and the solid product obtained from its reaction with Fe(ll).

3.4.2.1.2 FTIR Spectral Analysis of Fe(111)-Codeine Phosphate Precipitate

The FTIR spectrum presented in Figure 18 for the Fe(l11)-Codeine Phosphate precipitate shows a
similar pattern: disappearance of the free O—H band and appearance of a broad band at 3391 cm™!,

suggesting possible coordination of Fe** with the hydroxyl group and/or water molecules.
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Table 10 FTIR bands of Fe(l11)-Codeine Phosphate precipitate

Functional group Wavenumber
(em™)

O-H (coordinated or H- 3391

bonded)

C=C (cis-alkene) 1633

C=C (aromatic) 1504, 1405

C-0O-C (cyclic ether) 1049

M-0O (metal-oxygen) 796, 598, 440

The C=C bands remain essentially unchanged, and the C—O—C band shift from 1250 cm™ to 1049

cm' may indicate interaction involving the ether oxygen.

New absorptions observed at 796, 598, and 440 cm™ may be indicative of M—O interactions,
suggesting the potential formation of Fe—O bonds in the solid product.
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Figure 18 Overlay FTIR spectra of codeine phosphate and the solid product obtained from its reaction
with Fe(lll).
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3.4.2.1.3 FTIR Spectral Analysis of Cu(ll)-Codeine Phosphate Precipitate

Table 11 FTIR bands of Cu(l1)-Codeine Phosphate precipitate

Functional group Wavenumber (cm™)

O-H (coordinated or H-bonded) 3470

C=C (cis-alkene) 1632

C=C (aromatic) 1500, 1384
C-O-C (cyclic ether) 1052

M-0O (metal-oxygen) 607, 557, 484

In the Cu(ll)-Codeine Phosphate precipitate (Figure 19), the disappearance of the free O—H band
and the emergence of a band at 3470 cm™! may suggest the participation of the phenolic hydroxyl

group in interaction with Cu?'.

The C=C bands are retained, and the C—O-C shift to 1052 cm™! may reflect coordination through

the ether oxygen.

The presence of new bands in the 607484 cm™ region may be attributed to Cu-O stretching

modes, implying that a coordination interaction may be occurring in the precipitate.
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Figure 19 Overlay FTIR spectra of codeine phosphate and the solid product obtained from its reaction with Cu(ll).
3.4.2.2 Precipitates from Codeine Pure + Metals

In parallel to the experiments with codeine phosphate, the interaction of pure codeine with selected
metal ions (Fe?*, Fe**, Cu?*) was investigated. The resulting precipitates were dried and analyzed
by FTIR spectroscopy to assess potential changes in functional groups indicative of metal-ligand

interactions. The results are discussed below.

3.4.2.2.1 FTIR Spectral Analysis of Fe(l1)-Codeine Puree Precipitate

The interaction of pure codeine with Fe*' resulted in a reddish-brown precipitate. The FTIR

spectrum of the solid product (Figure 20) showed a notable reduction and shift in the 3500-3000
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cm™! region, corresponding to O—H or N-H stretching, along with new peaks in the 600-400 cm™
region. These observations may suggest the occurrence of metal-ligand interactions, although the

possibility of partial metal oxide formation cannot be excluded.

Table 12 FTIR bands for Codeine + Fe** precipitate

Wavenumber (cm™) Codeine (Pure) Codeine-Fe* Precipitate Assignment

3400-3500 Strong Weak / Shifted O-H or N-H stretching
2949 Present Present C—H stretching
1500-1400 Multiple peaks  Shifted (e.g., 1384) C—H bending / Aromatic ring
1111 Absent Present Possible C-O or metal-ligand
600400 Weak Possible new peaks Metal-ligand bonding
100
80
60 —
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20 1 | Fe(ll)~Codeine|
4000 3500 3000 2500 2000 1500 1000 500
100 - -
[
\ ' Wi
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Figure 20 Overlay FTIR spectra of codeine pure and the solid product obtained from its reaction

with Fe(11).
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3.4.2.2.2 FTIR Spectral Analysis of Fe(l111)-Codeine Pure Precipitate

The reaction of pure codeine with Fe* yielded a reddish-brown precipitate. The FTIR spectrum
(Figure 21) displayed a weakened and shifted O—H / N-H stretching band (3500-3000 cm™!), with
new peaks observed at 1344 and 1163 cm™, and weak absorptions in the 600—400 cm™ region.
These spectral changes may indicate possible metal-ligand interactions, though the formation of

metal hydroxide phases is also possible.

Wavenumber Codeine Codeine-Fe* Assignment
(cm™) (Pure) Precipitate
3400-3500 Strong Weak / Shifted O-H or N-H stretching
1353 Present Absent / Shifted (1344) C—H bending
1163 Absent Present Possible C-O or metal-ligand
600400 Weak Possible new peaks Metal-ligand bonding
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Figure 21 Overlay FTIR spectra of codeine pure and the solid product obtained from its
reaction with Fe(l11).

Codeine
Fe(ll)-Codeine
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3.4.2.2.3 FTIR Spectral Analysis of Cu(ll)-Codeine Pure Precipitate

Notably, the green color of the precipitate obtained from the reaction between codeine and Cu?* is
very similar to that of the starting material CuCl.-H20, while pure codeine is white. This visual
resemblance suggests that the precipitate may retain characteristics of the original copper salt, and

not necessarily represent a new coordination compound.

Although the FTIR spectrum shows a weakened O—H/N-H stretching band (~3448 cm™), along
with new absorptions at 1505, 1434, 497, and 407 cm™'—possibly indicative of metal-ligand

interactions—the intensity and specificity of these bands remain limited.

Therefore, it remains uncertain whether a true Cu—codeine complex has formed. The observed
product may instead represent a physical mixture, an incomplete reaction product, or adsorbed
CuCl. co-precipitating with codeine. Further structural analysis would be necessary to clarify the
exact nature of this precipitate.

Table 13 Overlay FTIR spectra of codeine pure and the solid product obtained from its reaction with Cu(ll).

Wavenumber Codeine Codeine—Cu?** Assignment

(cm™) (Pure) Precipitate

3400-3500 Strong Weak / Shifted (3448) O-—H or N-H stretching

1505 Absent Present Possible aromatic ring or
metal-ligand

1434 Absent Present C—H bending or metal-ligand

600400 Weak Present (497, 407) Metal-ligand bonding
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Figure 22 Overlay FTIR spectra of codeine pure and the solid product obtained from its reaction with Cu(ll).

3.4.3 Comparison of codeine and codeine phosphate in coordination behavior

After analyzing the precipitated products with infrared spectroscopy, we dissolved the precipitates
in several organic solvents such as DMSQO, ethanol, or acetone, even with the addition of heat, but
they did not dissolve. This suggests that the precipitated products in this part of the study have a
strong coordination structure that makes them insoluble in organic or aqueous solvents.

Therefore, we were unable to analyze these samples using ultraviolet spectroscopy.

Although pure codeine and codeine phosphate have the same active ingredient, the working results
showed us that their reactions and results are different. Even when using the same metal salts,
reaction conditions, and working conditions, observations showed differences in the color of the
precipitates as well as differences in the infrared spectrum curves, indicating that phosphate greatly

affected the coordination of metals with codeine and the structure of the resulting solid materials.
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The following two tables summarize this part of the study on codeine coordination with metal salts

Metal
lon

Cod.P

Fe2+

Fe3+

Cu2+

Metal
lon

F e2+

F e3+

Cu2+

Table 14 FTIR Summary for Complexes of Codeine Phosphate with Metal lons

O-H C-O0-C
(em™) (em™)
3532 1250, 1056
- 1050

- 1049

- 1052

M-O Precipitate
(cm™) Color
598,790  white

796, 598, .

440 White

607, 557, .

484 White

Interpretation

High probability of complex
formation
High probability of complex
formation
High probability of complex
formation

Table 15 FTIR Summary for Complexes of Pure Codeine with Metal lons

O-H / N-H Additional

(cm™) Peaks
Weak /

S 1384, 1111
Weak /

shifted 1344, 1163
Shifted

(3448) 1505, 1434

M-O
(em™)

Broad
(600-400)

Broad
(600-400)

497, 407

Precipitate
Color

Orange

Dark red

Green (CuClz-
like)

Interpretation

Possible weak compound

Possible weak compound

Possible weak compound or
copper hydroxide
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IVV. Conclusion

This study discusses in detail the possibility of complex formation between codeine and certain
metal ions, combining computer modeling and laboratory experiments to obtain a comprehensive
view. The research was organized into four main parts, each focusing on a different aspect of how

codeine molecules bind to metals and how this can be exploited.

Using the molecular structure of codeine-Fe(l11) published by Ghamami et al. as a starting point
for this study, the stability of the compound was analyzed and verified using computational
methods. The Nudged Elastic Band (NEB) method was applied, which showed that the reaction is
an endothermic reaction. Optimized Geometry was performed for the complex, where we obtained
a more energetically stable shape, which is later used in the calculation of another theory. We also
obtained the potential energy of the system in its geometrically stable state, which is equal to
3161.789182 Hartree and a binding energy of —8.5953721 Ha. This value is used to compare the

stability of Codeine-metal coordination in theory.

The Fe(l11)-codeine complex was synthesized in the laboratory using method 1, and this reaction
was tested in different solvents—acetonitrile, acetone, and 2-propanol—to determine the effect of
each on the reaction outcome and yield. The resulting compound was analyzed using UV
spectroscopy and FTIR, and the results of the analysis of the resulting compound were consistent
with the results of the analysis in the study by (GHAMAMI et al) [8]. indicating the successful

formation of the Fe(ll1)-codeine compound.

After the positive results obtained during the synthesis of Fe(lll)-codeine complex, which are
consistent with the results of the study by Ghamami et al., the synthesis of codeine complexes with
metals was tested. The conclusion of this study was the coordination of codeine complex-copper
complex. The reaction was carried out in an Aston solution, and the compound was analyzed using
UV-Vis and FTIR spectroscopy , showing two main absorption bands at wavelengths of 260 and
285 nm, corresponding to 1 — ©* and n — 7* transitions, respectively. A broad extension in the

300-400 nm range also appeared. Although its intensity was low, it is a characteristic feature of
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LMCT transitions involving copper and covalent bonds. The FTIR spectrum of the compound
showed the appearance of new peaks at 608 cm™, 520 cm™, and 464 cm™!, indicating the formation
of Cu-O metal-oxygen bonds, as well as the disappearance of the band at 1250 cm™ corresponding
to the C—O—C ring ether extension, and the non-disappearance of the O-H value and its appearance
at 3524 cm™'. This may indicate that coordination between the codeine and copper metal occurred

in the oxygen atom present in the ring ether of the codeine C-O-C.

In a second approach, complex compounds of codeine and metals were synthesized without the use
of solvents, where codeine phosphate reacted with Fe?*, Fe**, and Cu?* metals. In parallel with this
study, pure codeine was also used to synthesize complex compounds. Interestingly, the color of the
resulting precipitates differed depending on whether pure codeine or codeine phosphate was used.
The FTIR results also differed. For codeine phosphate-based precipitates, the spectra showed that
the results were consistent with the infrared spectrum results of the study conducted by (Zayed et
al). [6] .For pure codeine-based precipitates, the results were more ambiguous, with some FTIR
spectra (e.g., with Cu?* or Fe?") showing weak shifts, and the metal oxygen bands were weak or
broad, indicating a lower degree of coordination or the possibility of incomplete product formation.
In some cases, the color of the precipitate was almost identical to that of the initial metal salt (e.g.,
green with CuClz-H20), which may indicate incomplete reaction or physical mixing rather than the
formation of a true compound. In the case of Fe**, more pronounced shifts were found, indicating
partial coordination. Overall, the FTIR results indicate clear signs of metal coordination with
codeine phosphate. Under the same conditions, pure codeine showed signs of limited or

inconsistent reactions depending on the metal ion.

In the part where organic solvents were used to synthesize the complexes (method 1) in the second
and third parts of this study, the complexes showed solubility, especially in DMSO, compared to
the use of aqueous solutions and heat for complex synthesis. (method 2). In the fourth part of the
study, the complexes showed insolubility, indicating that the method of complex formation may
play an important role in the formation of the coordination structure between the codeine and

metals. This can be concluded from the result of the codeine complex-copper complex in an organic
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acetone solution and the precipitate obtained by mixing codeine and CuCl: in an aqueous solution
with heat, where despite using the same pure codeine and CuCl. compound, the results of UV-

visible and FTIR analyses showed that the nature of the coordination was different.

It can also be concluded that the type of codeine can affect the coordination product between
codeine and metals, as shown in the fourth part of this study, where coordination products between
pure codeine and metals, and coordination products between codeine phosphate and metals,
showed significant differences in the color of the precipitates and FTIR analysis, indicating a

difference in the coordination structure of the obtained precipitates.

In the second part of this study, a complex synthesis of codeine- Fe(l11) was carried out in several
organic solvents, with 2-propanol showing the highest yield. This is due to the fact that a protic
solvent promotes complex precipitation and reduces side reactions with the metal, compared to
non-protic solvents that reduce complex precipitation. The dielectric constant also plays a role in
salt dissociation and charge distribution in the medium, affecting reaction efficiency and
solubility. The dielectric constant of 2-propanol is = 18, acetone is lower (= 21), and acetonitrile
has a high dielectric constant (= 36). FTIR and UV-visible analyses were performed, and no
significant differences were found between the complexes, indicating that the type of solution does

not affect the coordination between the ligands and metals but does affect the reaction yield.

In summary, this study demonstrates that the type of solution or reaction medium and the type of
codeine used, whether pure codeine or phosphate codeine, can affect the coordination of the
resulting complexes. This study shows that codeine has the ability and potential to bind to transition
metals under appropriate conditions. Although further structural analysis is needed in this study,
these results may be a starting point for further studies to develop stable codeine-metal complexes

that can be used in the medical field.
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