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Abstract: A multiple step synthesis of 2-fluorooctanoic acid 4 as individual project in Advanced
Organic Chemistry Laboratory course is described. As theoretical background students need to
know about enolate chemistry (Hell-VVolhard-Zelinsky reaction), nucleophilic substitution and
elimination reactions as well. During their practical work, advanced laboratory techniques such as
slow addition of reactants, in situ reagent formation and vacuum distillation were introduced. After
each step the products were characterized using boiling point or melting point determination and
NMR spectroscopy (*H, 3C, ©°F).
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Background

Fluorine-containing organic compounds play important roles in materials science [1] and
medicinal / pharmaceutical chemistry [2], thus the synthesis of these types of molecules is an area of
great interest [3]. In the last few decades around 20% of the new active pharmaceutical ingredients
(APIs) contain at least one fluorine atom [4]. During the drug development process medicinal
chemists modify the so-called lead compound to get a drug molecule having the optimal biological
activity with optimal pharmacological properties. Replacement of a hydrogen with a fluorine atom
can affect the binding to the target protein, the metabolism of the molecule in biological system,
and/or the pharmacokinetical properties [5]. Introduction of a fluorine atom to an aromatic ring
usually influences the protein-binding through m-m interactions, hydrogen bond affinity and the
oxidative metabolism of the molecule; while aliphatic fluorine substitution changes the stable
conformation of the small molecule, thus has effect on the protein-binding [6]. For these reasons

experience in synthesis of fluorine-containing molecules is important skill for a chemist [7], [8], [9].
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In spite of the great importance of organofluorine compounds most organic chemistry
textbook omit the theory and synthetic methods of the formation of C-F bonds. Although other
carbon-halogen bonds can be formed relatively easily and selectively, formation of C-F bonds is
usually not selective and require corrosive reagents and special equipment. The simplest way to
synthesize fluorine-containing aliphatic compounds is the displacement of a leaving group by a
nucleophilic fluoride usually in a form of KF. The most important disadvantage of these reactions is
that usually high degree of elimination side reaction occurs. The optimal yield often accessible by
lower degree of conversion, thus the product may contain starting material in addition to
elimination products.

2-Fluorocarboxylic acids can be synthesized in three steps starting from the appropriate
carboxylic acid as shown in Scheme 1 for the synthesis of 2-fluorooctanoic acid 4. The first step is
the halogenation of the carboxylic acids at the a-position (Hell-Volhard—Zelinsky reaction) and the
esterification in a one pot reaction. Then the bromine atom of the formed methyl 2-
bromocarboxylate 2 is substituted by fluorine using KF in acetamide, and finally the ester group

was hydrolyzed to afford the 2-fluorocarboxylic acid.
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Scheme 1. Synthesis of 2-fluorooctanoic acid 4.

The main teaching goal of this individual laboratory assignment is to show the difficulty of
linear synthesis sequences and the importance of the integration of theoretical background into
laboratory practice. At the same time this synthesis introduces the students to the use of advanced
laboratory techniques (handling highly exothermic reaction, selective reaction facilitated product
separation/purification, vacuum distillation) and improves their laboratory skills. These experiments
also underline the importance of the monitoring of the individual reactions, moreover the structure
and product ratio determination by NMR spectroscopy.

This multistep synthesis was performed by first and second year graduate students, within the
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framework of Advanced Organic Chemistry Laboratory course, where each student had different
individual synthesis projects.

Pedagogical goals and learning outcomes

The synthesis of 2-fluorooctanoic acid was designed to imitate research and development
projects in real life. In Advanced Organic Chemistry Laboratory the students received the original
research papers of the synthesis of similar molecules like 2-fluorostearic acid [10], 2-
fluorohexanoic acid [11] or other long chain derivatives [12] and they must adapt the experimental
procedures to their starting materials. The chemical reactivity of these compounds is same, but
the physical properties are different (like solubility, melting and boiling point, consistency of the
materials, etc.), thus the students need to modify the work- up and purification procedures. This
laboratory scale synthesis assignment also can be used in "normal” Organic Chemistry Laboratory,
where the instructor gives detailed experimental description of the reactions starting from octanoic
acid. In both cases students must use NMR spectroscopy as a powerful analytical technique to
determine the productratio.

Pedagogical Goals
During the synthesis project laboratory skills, integrated thinking skill about the theory of the
reaction, TLC and NMR spectroscopy knowledge of the participating students will improve.

The first reaction step shows the significance of using pure starting materials, and the
handling of highly exothermic reactions by slow addition of one of the reagents.

The second step demonstrates the importance of the knowledge of a reaction
mechanism including the potential side reactions and utilizing of the different chemical reactivity of
the side product and the necessity of using advanced analytical techniques.

During the preparation and lab report writing students will reinforce their previous
knowledge of the reactivity of carboxylic acids and their derivatives (also the relative reactivity of
them), the aliphatic nucleophilic substitution and elimination reactions and basic NMR

spectroscopy.

Learning significance
Students will be able to
work with standard laboratory equipments
utilize NMR spectroscopy to determine quality and quantity of side products, and
determine the structure of the product

plan a synthesis sequence with time efficiency
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work with hazardous materials, inert gases and equipments under vacuum
write detailed lab reports with all necessary items (physical properties of the starting
materials and products, degree of purity, chromatography details, assignment of NMR spectra).
With the prelab quiz the instructor ensures that the students are familiar with the applied
laboratory techniques (use of equipments, such as reactors, rotavap, distillation equipment, vacuum
source), and the theory behind the reaction. During the experiment the instructor gives verbal
feedback on an individual basis on the performance of the students to guarantee maximal learning

outcome.

Experimental overview

The three step synthesis of 2-fluorooctanoic acid 4 was shown in Scheme 1. The
bromination of octanoic acid 1 and subsequent esterification provides methyl 2- bromooctanoate 2
as the first intermediate. In the next step, in addition to the halogen exchange an elimination side
reaction also takes place to afford an alkene (methyl (E)-2- octenoate, 5). This side product cannot
be separated from the desired molecule by distillation since their boiling points are close (94-96 °C /
20 mmHg for 3 and 89-91 °C / 9 mmHg for 5). For the effective separation the reaction mixture
was treated with bromine which transformed the alkene to the vicinal dibromide 6. This dibromide
has considerably higher boiling point than the desired product, thus they can be separated by vacuum

distillation (see Scheme 2).
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Scheme 2. Reactions of the second synthetic step.

The third step of the reaction is an ester hydrolysis, which results in the end product
carboxylic acid 4. Students work individually on the experiments, and after each step they perform
'H and BC NMR spectroscopy to determine the structure of the product(s) and in the case of the
second step the ratio of the side product. The experiment requires about three weeks with each an 8

h laboratory period to complete.

Experiment
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The synthesis and purification of the methyl 2-bromooctanoate 2 and the preparation of the
substitution reaction was performed in an 8 h lab period (for most students the completion required
7 h). The work up of the substitution reaction and the purification of the methyl 2-fluorooctanoate 3
was accomplished in the second 8 h lab period (for most students the completion required 6 h). The
hydrolysis of the above ester and the spectroscopic measurements and structure determination was
carried out on the third 8 h lab period (for most students the completion required 8 h). The written
reports need to submit in 4 days then feedback should be given during the following laboratory
period. A detailed description of the experiment can be found in the Experimental section.

Hazards

All experiments should be performed in a well-ventilated fume hood with appropriate
personal protective equipment. Students are required to wear safety goggles and use gloves at all
times.

All compounds used for these experiments are classified as irritant. Solvents cause irritation
to skin, eyes and respiratory tract, and are possible carcinogenic compounds; furthermore, methanol
is also flammable as liquid and vapor. Octanoic acid is very hazardous in case of ingestion, while 2-
fluorooctanoic acid is not toxic [13,14]. NaOH and HCI are corrosive. Elemental bromine liquid or
spray mist may produce tissue damage particularly on mucous membranes of eyes, mouth and
respiratory tract. Skin contact may causes burns. Inhalation of the spray mist may generate severe
irritation of respiratory tract, characterized by coughing, choking, or shortness of breath. Severe

over—exposure can result indeath.

Results and discussion

The preparation of the 2-fluorooctanoic acid from octanoic acid was developed and fully
tested by the authors of this article. After the tests the whole synthesis project was performed by 4
M.Sc. students during two semesters. Typical student yield for the three-step sequence was 17 %.

The first bromination could be performed according to general procedure. It is important to
emphasize that using pure red phosphorus the reaction is much faster than with technical grade
phosphorus. In the former case methanol was added to the reaction mixture after 2 h, while in the
latter case the reaction takes place only with 8 h additional stirring. Prior to use red phosphorus was
treated with boiling water then filtered and dried. The pure methyl 2- bromooctanoate could be
synthesized with an average 89 % yield.

The substitution reaction of 2 was performed using KF as a fluorine source in acetamide, in
the presence of TBAF 3H20 as catalyst. In order to drive back the unwanted elimination side

reaction for the optimal isolated yield the reaction was carried out at 75 °C for 60 h, and the
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reaction mixture was worked up at about 60 % conversion.
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Scheme 3. Partial *H NMR spectra (4.0-6.0 ppm) of compounds 2 (shown in red, 11), crude 3
(shown in green, 22), pure 3 (shown in blue, 33) and 4 (shown in purple, 44).

Product ratio was determined by *H NMR spectroscopy using the integral values of the well
distinguishable CHCOOCHS3 peaks (Scheme 3). Methyne peak of 2 can be found as a doublet of
doublets (dd) at 4.21 ppm, while CH peak of 3 shows doublet of doublets of doublets (ddd)
multiplicity at 4.90. The alkene side product 5 has the signs of CHCOOCH3 at 5.78 and 5.82. In a
typical experiment the crude product after the reaction with KF contained 46 % of substituted
product 3, 14 % of 5 and 40 % of starting material 2. (Scheme 2. and 3.)

As mentioned above the crude product was purified in two stages, first the dried CH2Cl>
solution of crude 3 was reacted with elemental bromine, then the obtained mixture was purified by
fractional distillation under reduced pressure using Vigreaux column. Typical student yield for this
step was 36 %. As shown in Scheme 3., this product also contained some 2 (about 13 %) and 5
(about 8 %), but we found, that using this mixture in the last hydrolysis step the product was pure 2-
fluorooctanoic acid 4. Alternatively, the methyl 2- bromooctanoate 2 and methyl 2-fluorooctanoate
3 can be separated also by column chromatography, but this method is time consuming and requires
a lot of solvent.

The third and last step of this reaction sequence was the hydrolysis of the ester 3 under basic
conditions in CH2Cl> — CHzOH mixture with a typical student yield of 53 %.
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Conclusions
This multistep synthesis served the introduction of several new laboratory techniques that
students had previously not performed individually (vacuum distillation), and the application of
spectroscopy for determination of molecular structure and product ratio. Students needed to apply
wide range of theoretical knowledge during the synthesis. They were also introduced to one of the
strategies one can consider, when the byproduct and the product have similar boiling point.

Experimental
NMR spectra (*H, 1°F, 3C) were recorded on a Bruker Avance 250 MHz instrument at room
temperature (295 + 2 K) in CDCls. Chemical shifts (5) are given in ppm units relatively to the
internal standards: TMS (& = 0.00 for *H) and CFCls (8 = 0.00 for **F). Melting points were
determined on a Boetius micro melting point apparatus and are uncorrected. TLC was performed
using Merck SiO; plates; eluent hexane-CH>Cl> (1:1 v/v).

Methyl 2-bromooctanoate (2)

The suspension of octanoic acid (20.0 g, 138.5 mmol) and red phosphorus (4.29 g, 138.5
mmol) was heated to 80 °C. Then bromine (26.0 ml, 80.7 g, 505 mmol) was added dropwise under
stirring such a rate, that the inner temperature remained below 90 °C (cc. 2 h). The suspension was
stirred at 80 °C for an additional 2 h, then cooled to 0 °C and methanol (33 ml) was added during 15
min. The reaction mixture was stirred overnight at room temperature, then boiled for 3h. The phases
were separated and the lower phase was washed with CH2Cl (50 ml). The combined organic phases
were washed with water (50 ml) and dried over Na.SO4. The solution was evaporated and the crude
product was purified by distillation in vacuum. Yield: 28.9 g (88%), colorless liquid, bp
122-124°C/20 mmHg.

'H NMR (CDCls) &: 0.87 (3H, t, *Jun = 6.7 Hz, CHsCH), 1.2-15 (8H, m,
CH3CH,CH,CH,CH,), 1.9-2.1 (2H, m, CH,CHBr), 3.76 (3H, s, COOCHa), 4.21 (1H, dd, 3Jun = 7.6
Hz, 3Jun = 7.2 Hz, CHBI).

13C NMR (CDCls) &: 14.4 (CH3CHy), 22.8 (CH2-7), 27.6 (CH2-4), 28.8 (CH2-5), 31.8 (CH;-
6), 35.3 (CH2-3), 46.1 (CHBr), 53.2 (COOCHj3), 170.8 (COOCHj3).

Methyl 2-fluorooctanoate (3)
The mixture of methyl 2-bromooctanoate (28.87 g, 122 mmol), acetamide (15 g), KF (12.7
g, 219 mmol) and TBAFx3H20 (2.06 g, 6.53 mmol) was stirred at 75 °C for 60 h under nitrogen
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atmosphere. After cooling to room temperature water (180 ml) was added to the reaction mixture
and extracted with CH2CI2 (3 x 70 ml). To this solution bromine was added under stirring until
color of bromine remained. The combined organic phases were washed with K>S;0s (2 g) solution
in water (50 ml), saturated NaHCO3 (2 x 100 ml) and saturated NaCl (100 ml) solutions and dried
over Na,SOa. The solvent was removed under vacuum and the crude product was purified by
distillation using Vigreaux column. Yield: 10.2 g (47.4 %), colorless liquid of bp 94-96 °C / 20
mmHg.

'H NMR (CDCls) &: 0.87 (3H, t, %Juw = 6.6 Hz, CHsCHp), 1.2-1.5 (8H, m,
CH3CH,CH,CH,CH,), 1.7-2.0 (2H, m, CH.CHF), 3.78 (3H, s, COOCHs), 4.90 (1H, ddd, 3Jun = 5.9
Hz, 3Jun = 6.0 Hz, 3Jur = 49.2 Hz, CHF).

13C NMR (CDCls) &: 14.4 (CH3CHy), 22.9 (CH2-7), 24.7 (d, 3Jce = 3 Hz, CH2-4), 29.1
(CH2-5), 31.9 (CH2-6), 32.8 (d, 2Jcr = 21 Hz, CH,-3), 52.6 (COOCHj3), 89.4 (Jcr = 184 Hz, CHF),
170.9 (d, 2Jcr = 24 Hz, COOCHs).

9F NMR (CDCls) 3: -192.46.

2-Fluorooctanoic acid (4)

To the solution of methyl 2-fluorooctanoate (8.00 g, 45 mmol) in CH2Cl2 (80 ml) was added
a solution of NaOH (5.45 g, 136 mmol) in methanol (60 ml). The reaction mixture was stirred
overnight; then the solvent was removed under vacuum. The residue was dissolved in water (170
ml) cooled to 0 °C and acidified with cc HCI (20 ml). The precipitate was filtered and dried in
vacuum over P20s. Yield: 3.93 g (54 %), white waxy solid, mp 51-53 °C. (Literature [19] mp 51-53
°C).

'H NMR (CDCls) & 0.87 (3H, t, ®Jwi = 6.4 Hz, CHsCHz), 1.2-14 (8H, m,
CH3CH,CH,CH,CH,), 1.7-1.9 (2H, m, CH,CHF), 4.95 (1H, ddd, 3Jun = 4.8 Hz, 3Jun = 6.7 Hz, 3Jue
= 49.2 Hz, CHF), 13.10 (1H, br s, COOH).

13C NMR (CDCl3) &: 14.2 (CHsCHy2), 22.3 (CH2-7), 24.2 (d, 3Jcr = 3 Hz, CHy-4), 28.5
(CH2-5), 31.4 (CH2-6), 32.1 (d, 2Jcr = 21 Hz, CH,-3), 88.7 (1Jcr = 180 Hz, CHF), 170.4 (d, 2Jcr =
24 Hz, COOH).

Alternative methods
Alternative, multistep routes, for the synthesis of a-fluoro-carboxylates include opening
epoxides [15,16], reacting a-hydroxy-acids with DAST [17] or Ishikawa reagent [18], reacting
alkenes with [BrF] agents, prepared in situ from HF and a source of electrophilic bromine [19, 20],
or building the target a-fluoro acid by combining two fragments, one of which already contains the

fluorine atom [21, 22, 23], as summarized by Rozen and co-workers [24]. In addition, the latter
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researchers introduced an efficient method for synthesizing branched- and/or unbranched a-fluoro-
esters via the reaction of the in situ prepared AcOF-CHsCN electrophilic reagent and the
appropriate ketene acetals. This method is fast enough for the preparation of the short-lived 8F-
isotope (ti2 = 109.771 min] labelled target compounds as well [24].

Some of these routes ([19, 22, 23]) allow the convenient synthesis of racemic a-fluoro-
octanoic acid since F-building blocks, such as diethyl monofluoromalonate {CHF(CO2C2Hs).} and
ethyl fluoroiodoacetate (CHIFCO.C;Hs) recently became commercially available. However, the
present prices of these fluorinated precursors could be a limiting factor for introducing these novel

methods into an Advanced Laboratory Course.
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