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Resumo

Os pinheiros séo coniferos, dos quais se pode adquirir a madeira e extrair o “tall oil”
bruto, a resina e a goma da madeira. Através da destilacdo da resina podemos adquirir
a colofonia e terebintina. A colofdnia consiste numa mistura complexa de terpenos
neutros e diterpenos acidos, onde se incluem os abietanos, que sdo diterpenoides

triciclicos aos quais o acido abiético (AA) e dehidroabiético (DHA) pertencem.

A eletroquimica combina a transferéncia de eletrdes no elétrodo com uma reacéo
quimica, sendo que podem ser controladas utilizando corrente ou potencial constante.
Acabam por ser reagdes “mais verdes”, seguras, eficientes e econdmicas. A eletrolise
pode ser direta, onde se oxida/reduz diretamente a molécula, ou indireta, onde um se

utiliza mediadores, reagentes capazes de oxidar/reduzir seletivamente a molécula.

A eletroquimica em fluxo é uma técnica que permite o scale up industrial da
eletroquimica, tendo vantagens sobre esta como o oferecer uma maior proximidade
entre elétrodos e uma maior area de superficie do elétrodo, o que diminui o tempo de

reacao e permite a dispensa do uso de eletrdlitos de suporte.

Neste contexto, o principal objetivo desta investigacdo assentou em acrescentar valor
biossintético a colofonia e aos seus abietanos, utilizando reacdes organicas classicas,
eletroquimica e quimica em fluxo para sintetizar novos derivados e estudar os

potenciais de oxidacao destes compostos.

Relativamente ao trabalho experimental, comecou se por preparar os derivados metil
éster do AA e do DHA, pois seriam compostos mais estaveis. Estudamos os potenciais
de oxidacdo destes compostos. Desenvolvemos e otimizamos protocolos para a
oxidacdo eletroquimica, onde conseguimos alcancar a oxidacédo benzilica direta tanto
do DHA como do MDHA com bons rendimentos, a oxidacao indireta do MDHA
(utilizando CIsNHPI como mediador) e também conseguimos alcancar a oxidagao de
AA e MAA com rendimentos moderados. Por fim estudou-se o uso de eletroquimica

em fluxo para realizar estas oxidacGes, usando-se 0 DHA como material de partida.

Palavras-chave: Colofonia, Abietanos, Eletroquimica, Mediadores, Fluxo continuo.






Abstract

Pine trees are coniferous, from which we can extract wood, raw tall oil, wood gum, and

gum. Through the distillation of gum, we can acquire turpentine and colophony.

Colophony is a complex mixture of neutral terpenes and acidic diterpenes, including
abietanes, which are tricyclic diterpenoids to which abietic acid (AA) and
dehydroabietic acid (DHA) both belong.

Electrochemical reactions combine the electron transfer at an electrode with a chemical
reaction and can be controlled using constant current or constant potential. Overall, they
are very environmentally friendly, safer, efficient, and economical. The electrolysis
process can be direct, where we are able to directly oxidize/reduce the molecule, or

indirect, where we use a mediator — a selective oxidizing/reducing reagent.

Flow electrochemistry is a technique that allows the industrial scale up of
electrochemistry, having advantages over it such as offering greater proximity between
electrodes and a higher surface area of the electrode, which decreases the reaction time

and allows the dispensation of the use of supporting electrolytes.

In this regard, the main objective of this research was to add biosynthetic value to
colophony and its abietanes, using classic organic reactions and electrochemistry to

synthesize new derivates and then study the oxidation potentials of these compounds.

Regarding the experimental work, we started by preparing the methyl ester derivatives
of AA and DHA, as they would be more stable compounds. We studied the oxidation
potentials of these compounds. We developed and optimized protocols for
electrochemical oxidation, where we achieved the direct benzylic oxidation of both
DHA and MDHA with good yields, the indirect oxidation of MDHA (using ClIsNHPI
as a mediator) and we also achieved the oxidation of AA and MAA with moderate
yields. Finally, we studied the use of flow electrochemistry to achieve these oxidations

using DHA as starting material.

Keywords: Colophony, Abietanes, Electrochemistry, Mediators, Continuous flow.
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Acronyms

d Chemical shift

AA Abietic Acid

d Duplet

CE Counter electrode

COSY Correlation spectroscopy

DCM Dichloromethane

DHA Dehydroabietic Acid

DMF Dimethylformamide

ET Electron transfer mediator

HSQC Heteronuclear single quantum correlation
HMQC Heteronuclear Multiple Quantum Coherence
H-T Hydride transfer mediator

HAT Hydrogen atom transfer mediator

J Coupling constant

M Multiplet

MAA Methyl Ester of Abietic Acid

MDHA Methyl Ester of Dehydroabietic Acid
MTBE Methyl tert-butyl ether

NMR Nuclear magnetic resonance

Rpm rotations per minute

r.t Room temperature

S Singlet

sept Septet

t Triplet

TBATFB Tetrabutylammonium tetrafluoroborate
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THF Tetrahydrofuran

TLC Thin layer chromatography
uv Ultraviolet
WE Working electrode
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1 Introduction

1.1 Pinus Resin

Pine trees, which belong to the genus Pinus, are evergreen coniferous that are broadly
distributed in the northern hemisphere, from tropical areas to northern areas in America
and Eurasia. From pine, we can attain either wood or non-wood products, where non-

wood products can be divided into three groups (1-4):

e Gum - A commodity that can have other names like pine resin or oleoresin, and
it is the exudate extracted from living trees. It is a thick and sticky material,
opaque and grayish white. Through distillation of gum, two other products can

be acquired, rosin (also known as colophony or resin fraction) and turpentine;

e Wood Gum — Obtained through solvent extraction of trunks, stumps, and roots

of dead trees. Can also be distilled, giving rosin and turpentine;

e Raw tall oil — A byproduct from the paper industry, pinewood chips are acid
digested to extract cellulose and the crude tall oil is obtained by fractional

distillation of the residue.

Colophony can also be obtained from other conifers besides pine, such as trees from
Araucariaceae, Cupressaceae, Phyllocladaceae, and Podocarpaceae families. The
substance can also be obtained from other non-conifer trees, such as trees from
Asteraceae, Celastraceae, Hydrocharitaceae, and Lamiaceae species and even some

known fungi species that can also produce abietane diterpenoids (5).
Chemically, gum has two fractions:

e Turpentine fraction — Essential oil, transparent and volatile, a mixture of a
wide variety mono- and sesquiterpenes, with insecticidal and fungicidal

properties (1,6,7).

e Resin fraction or Colophony — Complex mixture of the neutral part (10%) and
acidic diterpenes (abietic and pimaric acids) (90%), solid at room temperature.
Regarding the neutral part, it consists of terpenes, sesquiterpenes, and
diterpenes, (such as o -pinene, B-pinene, 3-carene, a-terpineol, 4-allylanisole,

camphene, and longifolene). And the abietic, pimaric, isopimaric, and labdanic

19



acids are part of the acidic diterpenes. Overall, the major component is the
abietic acid, usually more than 50% (1,3,4,7).

1.2 Colophony and Turpentine

The main product acquired from the gum is colophony, a transparent solid, whose color
can vary from pale yellow to brown. It is also glassy and brittle but softens with the
increase in temperature. These physical-chemical parameters, the ratio between terpene
and resin fractions, and even the ratio between each terpene in the pine resin are tightly
related to the pine species. Other factors that also influence the colophony composition
are the extraction process, handling and storage, which part of the tree is used to extract,
and the environment/geographical location where the tree grows (1,3,4,7-9).

In the pine tree, the gum works towards protecting the tree from external damage, where
turpentine function is to fluidify the colophony, so when it evaporates with contact with
the atmosphere, the colophony solidifies and seals the wound, trapping insects or
covering the wounds, and with the flow of the gum, it can also push out the insect
(2,6,10).

In the industry, the gum itself has no application, but its products, colophony, and
turpentine, have a wide range of industrial applications, either in their original form or
after suffering modifications, in order to either provide a product that meets the needs
of the consumer or to enhance the desired property, like colour, solubility or oxidation
resistance (1,7). Besides the reactions in table 1, other reactions that colophony can be
subject to are Diels-Alder addition, Friedel-Crafts type reactions, isomerization,

dimerization, oxidation, and the ring can be cleaved (7,11-16).

Regarding turpentine, it is first necessary to separate its components by distillation, and
then each suffers different transformation reactions. These products are applied
industrially in various areas, similar to the ones where colophony and its derivatives are
applied, like in solvents, paints, varnishes, in the production of paper glues, flavourings
and fragrances, perfumes, food products (chewing gum or fruit coatings), disinfectants,

adhesives, synthetic rubbers, coatings, printing inks, and others (1).
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Table 1. The different modifications that unmodified rosin may undergo and their
practical uses (1,4).

Modification process Uses

Perfumes, cosmetics, plasticizers,
tackifiers, and lacquers

Printing ink, adhesives, tackifiers,
synthetic rubber, paper sizing,
insulators

Pentaerythritol esterification Adhesives

Adhesives, printing ink, paper, fabric
finish, varnishes, chewing gum
Paper, glue, paint, printing ink,

Hydrogenation

Disproportionation (hydrogenation then
dehydrogenation)

Glycerol esterification

Maleic anhydride modified

lacquers
Fumaric acid modified Lacquers
Formaldehyde modified Paper sizing, printing ink

Polymerization (dimers formed on
heating with acids)

Salt formation (Na, K, NH4, Ca, Co, Pb, Soaps, detergents, printing ink, paper
Mg, Zn resonates) sizing

Adhesives, inks, varnishes

1.3 Colophony and Turpentine

Terpenes are one of the most important, complex, and diverse group of secondary
metabolites, a group of organic compounds that are not essential for the plant’s survival,
but with essential character in their survival and interaction with the environment.
Terpenes are simple hydrocarbons whereas terpenoids consist of modified terpenes
with different functional groups or rearrangement of the carbon skeleton. Both derive
from five-carbon isoprene units, being classified according to the structural
organization of carbons or the number of rings (acyclic, monocyclic, bicyclic, tricyclic,
tetracyclic, macrocyclic, and miscellaneous structures), and the number of isoprene
units in their structure, being divided in monoterpenes (2 units, 10C), sesquiterpenes (3
units, 15C), diterpenes (4 units, 20C), triterpenes (6 units, 30C), and carotenoids (8
units, 40C) (6,17-21).

Diterpenes have two types of functions in the organism, either as a defense mechanism
(abietane and pimaric diterpenes have insecticide properties), or as phytohormones in
plants (gibberellins are a group of compounds that participate in the general

metabolism, germination, growth, development of plants) (17).
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Volatile oils are complex mixtures of volatile substances, generally odorous, lipophilic,
and liquid. They consist mainly of terpenoids with low molecular weight, such as
monoterpenes and sesquiterpenes (6,22).

Conifers produce resin acids, which are mostly a group of tricyclic monocarboxylic
diterpenoids, being divided in abietane-type, including the abietic, dehydroabietic,
neoabietic, palustric, and levopimaric acid, and pimaric-type, including pimaric,
sandaracopimaric, and isopimaric acid. Some can also produce bicyclic diterpenes.
Their structures are shown in figure 1 (7,10,19,20).

HO !O HO lO HO !O |-|oE éo

Abietic Acid Palustric Acid Levopimaric Acid Dehydroabietic Acid

Neoabietic Acid Isopimaric acid Pimaric Acid

Figure 1. Abietic acids and Pimaric acids (10).

1.4 Abietanes

As stated above, abietanes are tricyclic diterpenoids to which abietic acid and
dehydroabietic acid both belong to and are known to possess a wide range of biological

activities as seen in table 2.
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Table 2. Biological Activities of Abietanes.

Biological Activity

Antimicrobial — Mostly against gram-positive bacteria (2,5,17—-20)

Antiviral — Inhibits the reproduction of multiple virus, like herpes simplex virus
type 1, cytomegalovirus, varicella-zoster virus, and Epstein-Barr virus (17,22,23)

Antimalaria (17)

Antileishmaniasis — A study has shown that a mixture of abietane is more active
and less toxic than the reference drug, glucantime (2,17)

Antitumoral and antimutagenic (2,17,19,20)
Antioxidant (17)

Cardiovascular protector — Improves microcirculation, inhibits platelet adhesion
and aggregation, protects against myocardial ischemia, and antiarrhythmic
activities) (2,5,19)

Antiallergic and anti-inflammatory — It has been used in skin allergies induced by
IgE, in the treatment of chronic diseases such as rheumatism and gout
(2,5,19,20,24)

Antiulcer and gastroprotective — Ecabet® is a drug that is sold in Japan that is used
to treat peptic ulcer disease and reflux esophagitis, and the active substance of this
drug is a derivative from dehydroabietic acid that had shown high antiulcer
activity (2,5,17,19,25)

Regarding cutaneous wounds, these compounds both protect from infections and
parasites and also promote and accelerate the healing process (possess angiogenic
properties and promote the migration of endothelial cells (24,26)

1.5 Electrochemistry Reactions

Electrochemical reactions combine the electron transfer at an electrode, which converts
the substrate to a reactive intermediate (ion radical, radical, anion, and cation) or
produces a reagent (electrophile, nucleophile, acid, and base), with a chemical reaction
(27,28).

For the electrolysis, a few materials are needed, such as:

e Power source and electrolysis cell (undivided or divided, with the second
being used when the product generated at the counter electrode interferes

with the main reaction or reacts with the substrate) (29,30);

e Electrodes — There are three types of electrodes, the reference, the working
(WE), and the counter electrode (CE). The electron transfer occurs on the

surface of the WE, and the choice of its material can influence the
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reactivity/selectivity (27), being some examples graphite, glassy carbon,
zinc, nickel, and copper;

e Supporting electrolyte and the solvent — Electrolyte offers a source of
positive and negative ions which carry the charge through the circuit
(counterions for the reactive intermediaries), improves conductivity, and

reduces resistance (27,29,30).

The power source pushes electrons from the anode into the cathode, causing two
separated processes, at the anode, it is formed an oxidative environment, where
molecules are oxidized to a carbocation/radical intermediate (electron abstraction) and
the electrons from the reaction mixture are transferred to the electrode. While at the
cathode it is formed a reductive environment, where the transference of electrons from
the electrode into the reaction mixture reduces the molecules to form carbanion/radical
(electron addiction) (28-30).

Electrochemical reactions can be controlled in one of two ways (29,30):

e Constant current — The advantage of its use is that it is easier to set up the
reaction. The disadvantage is that it has low selectivity since the potential

climbs as the substrate is consumed, so due to over-oxidation/reduction;

e Constant potential — The advantage of its use is that is more selective since
the potential stays the same throughout the course of the reaction. The
disadvantage is that requires a reference electrode and as the substrate is

consumed, the current drops, taking longer for the reaction to be over.

The use of electrochemistry in reactions ends up applying many of the principles of
green chemistry, such as the reduction of waste since the reagent is not bound to a
chemical compound, uses safer chemicals (toxic oxidants and reductants can be
replaced by electricity; unstable and dangerous reagents can be synthesized in situ ready
to be used) and greener solvents (in most case are easily removed and recycled by
distillation), the reactions are energy efficient since they are conducted at room

temperature and pressure and the driving force of the reaction is electricity (27,31-33).

Other advantages of the use of electrochemistry are that reactions usually have higher
yields, are more selective and the resulting products have higher purity. The selectivity

of the reactions can be tuned by the type of electrodes/electrolyte used and the potential
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used. The degree of conversion of the molecule can also be managed by regulating
charge consumption. And the reactions conditions of electrochemistry are considered
to be mild since these reactions can be done at atmospheric pressure and room
temperature (28,31).

Regarding electrochemical reactions, direct electrolysis is possible for most molecules,
thus we can directly oxidize/reduce the molecule at the working electrode, but this is
not always achievable, because some molecules have higher oxidation/reduction
potentials, running the risk of working outside the optimal window of the solvent used
(values at which the solvent can be oxidized/reduced) (27). For example, regarding
direct anodic oxidation of C-H bonds, these are reactions already described, such as
Shono oxidation, but they are limited to weak C-H bonds or to simpler substrates (34).

( Anodic oxidation ( MeOH (
n - s n —_— n
+ P
N

N-acyl iminium

Scheme 1. Shono oxidation.

As an alternative we have indirect electrolysis, where we use mediators, a selective
oxidizing or reducing reagent, that can be used substoichiometric or catalytic amounts,
since the mediator first undergoes electron transfer at the WE, then promotes the

oxidation/reduction of the subtract, being then regenerated at the CE (27,31).

The mediators allow the reaction to occur at lower potentials than in direct electrolysis
and can also make the reaction more selective since the interaction between the
mediator and the substrate is more specific. There are several different types of
mediators that can be divided into three groups, electron transfer (ET) mediators,
hydrogen atom transfer (HAT) mediators, and hydride transfer (H-T) mediators, as

seen in scheme 2 (27,35).
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Scheme 2. Examples of the three groups of mediators, ET, HAT, and H-T, and the
reactions that they mediate.

1.6 Flow Electrochemistry

Flow electrochemistry is a technique that allows the academic and industrial scale up
of batch electrosynthesis. Besides offering a higher electrode surface area to reaction
volume ratio, which reduces reaction times, it also aids to overcome some of the
limitations seen in macro batch electrochemistry, such as ohmic drop, mass transfer,
and selectivity (28). Likewise, it helps to avoid other limitations seen in
electrochemistry in batch, such as electrode surface area is limited, a supporting
electrolyte is needed, makes the reaction more time-consuming, less cost-efficient, and

requires workup (31,33).

Other advantages provided are that the process is safer (for example, it allows the
controlled generation and consumption in situ of radicals and highly reactive
intermediates), faster, and more reproducible way to synthesize products with high
selectivity and purity, while being more “environment friendly” and reducing costs,

energy, and solvent consumption (28,31,36).

Nevertheless, flow electrochemistry faces some problems, such as clogging, either
because of electrode fouling or of solids that do not dissolve, that can come from side
reactions, starting material, or reaction products. In addition, the presence of gases (H:
or N2), which are by-products of electrochemical reactions, that create gas-liquid
segments since they do not have space to escape. These segments increase local current
densities, affecting the performance of the flow cell since the gas does not conduct
electricity (28).
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The flow electrochemistry consists of five components, as seen in figure 2, which are
pumps that work as the delivery system of the reaction mixture, mixing unit, flow
cell/reactor (can vary given the application, some examples are chip reactors, coil
reactors, tube-in-tube, column reactors, and others), collection unit, power source. To
this basic setline, other components can be added, for example, a back-pressure
regulator, an analytical instrumentation, such as UV-Vis or IR, to monitor the reaction
in real-time, or multiple reactors can be added in series to allow multiple reactions in
sequence. The residence time is how much time the reactants spend in the flow cell,

and it’s influenced by flow rate and reactor volume (28).

Power source

Back-pressure

Mixing unit ‘J regulator

-—’4—)‘ Collection or connection to in-line flow process

Electrochemical flow cell

Pumps for reag ent”
and solvent delivery

= J— Anode

Flow channel with spacer creates laminar flow
small inter-electrode gap

--------- Cathode

Figure 2. Basic Components of an Electrochemical Flow Setup (28).

The basic principle of flow electrochemistry is that the injectors continuously pump the
reaction solution into a flow reactor. Here, allied with being usually a laminar flow, the
progress of the reaction changes the concentration gradient, which creates diffusion,

allowing mass transfer along the electrode (28,32,33).

The most simple and common flow cell consists of two plate electrodes facing one
another, separated by isolating spacers, creating an in-between space where the reaction
mixture flows through. This type of cell has a uniform current and potential distribution.
So, since the electrodes are separated by spacers, the tight gap between them enables
the reaction to be quicker and reduces resistance, allowing to reach higher currents with
lower concentrations of supporting electrolyte or even without its presence, making the

reaction cleaner, more economic and reduces waste (28,31-33).
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2 Objectives

Colophony, a natural resin obtained from conifer species (14), is constituted by a group

of diterpenes known as abietanes, which, along with its derivatives, have been found to

have a wide variety of interesting biological activities, including the antimicrobial
(2,5,17-20), antiviral (17,22,23), antimalaria (17), antitumoral (2,17,19,20), antiulcer
(2,5,17,19,25), antiallergic and anti-inflammatory activities (2,5,19,20,24).

The objective of this project was to add biosynthetic value to colophony and its

abietanes (scheme 3), with the following goals:

Synthesize derivates of abietic and dehydroabietic acid with the use of classic

organic reactions;

Develop an electrochemical process to convert abietic acid into
dehydroabietic acid;

Develop electrochemical reactions for the oxidation of activated and non-

activated C-H bonds of the abietanes;

Apply the developed electrochemical processes to colophony as starting

material;

Determine the oxidation potentials of the abietic and dehydroabietic acid and

their derivatives.
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Scheme 3. Abietanes reaction scheme.
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3 Results and Discussion

3.1 Esterification of abietanes

In order to synthesize the methyl ester derivative of both abietic acid (AA) (37-39) and
dehydroabietic acid (DHA) (40), we followed a reported protocol, where the potassium
carbonate-promoted Sn2 reaction with iodomethane is described in scheme 4 (41).

Both methyl ester of abietic acid (MAA) and of dehydroabietic acid (MDHA) were
prepared in good vyields, 82%, and 63%, respectively. These compounds were
characterized by *H-NMR and *C-NMR, which are in agreement with the previously
reported data (37—41).

MAA (82% yield)
MDHA (63% yield)

Scheme 4. Synthesis of the methyl ester derivative of both AA and DHA, via
nucleophilic substitution of the corresponding carboxylates.

3.2 Cyclic Voltammetry studies of Abietic and Dehydroabietic Acid
and of their Methyl Ester derivatives

Cyclic voltammetry experiments showed that each of the four molecules exhibits two

irreversible oxidation potentials (table 3).

We did multiple runs for all four molecules during the cyclic voltammetry experiments,
varying the concentration of the compound and the maximum potential of the

experience.
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Table 3. Cyclic Voltammetry studies of the abietanes.

Molecule

Oxidation
(Ep, ) 15-17V 21-23V 16-17V 23-24V
V/z 22-23V 25-27V 24-25V 27-29V

Finally, comparing both abietic acid and dehydroabietic acid with their methyl ester
derivatives (figures 3 and 4), we can observe that they have similar behaviors and that

their oxidation points are similar.

450
400
350
300 —AA
% 220 — MAA
§ 200
5 150
100
50
0
-500 0 500 1000 1500 2000 2500 3000 3500

-50
Potential (V)

Figure 3. Comparison of Cyclic Voltammetry of AA (6.8 mmol/mL) with MAA
(10.8 mmol/mL) up to 3.0 V.
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Figure 4. Comparison of Cyclic Voltammetry of DHA (9.3 mmol/mL) with MDHA
(11.7 mmol/mL) up to 3.0 V.

3.3 Oxidation of Abietanes AA, MAA, DHA and MDHA

Regarding the benzylic oxidation of Dehydroabietic Acid (DHA) and Methyl Ester of
Dehydroabietic Acid (MDHA), as can be seen in table 4, multiple experiments were
performed in which the reaction conditions were changed to achieve oxidation of the
starting material. All these reactions were performed at room temperature without care
to remove air or moisture, unless stated otherwise. The internal standard used in the

NMR’s analysis was 1,3,5-trimethylcyclohexane.

Based on reported protocols for the oxidation of the benzylic position (42-44), we
started by adapting them and then optimizing them to our compounds in order to

achieve the benzylic oxidation.

32



Table 4. Reaction conditions and results of the oxidation reactions of DHA and

MDHA.

L undivided cell
A
RO YO
R =H or Me
MDHA or DHA
Ent Quantity (mg)/  Supporting Solvent Current Potential Time  Electricity Yield
Y Concentration electrolyte (mA) V) (h) (F/maol) (%)
(mol/L)
LiCIO;  CHsCN/H0 X
1 MDHA, 50.2/0.03 0094 M 946 50 - 17.3 20.23 18
MDHA, LiClO4 CHsCN/H,0
2 201.4/0.06 0.15 M 94:6 20 e he.1 . b
MDHA, LiClO4 CH3:CN/H,0
3 199.9/0.06 0.15 M 94:6 50 e 18.75 5.47 80.3
LiClO4 CH5CN/H,0
4 MDHA, 50.9/0.03 0.15 M 946 100 = --ee--- 2 4.92 66
LiClOq CH3:CN/H,0
5 MDHA, 49.9/0.03 015 M 946 200 —meeee- 1 5.47 85
. LiCIOs  CHsCN/H.0
6 MDHA, 50.9/0.03 015 M 946 100 = --ee--- 1 4.66 68.8
MDHA, TBATFB CH3CN/H,0 b
/ 200.9/0.06 0.15 M 94:6 200 e 8.5 10.0 16
LiClO4 CH5CN/H,0
8 DHA, 50.7/0.02 0.15 M 946 50 - 16 17.56 traces
LiClO, CH3CN/H,0
9 DHA, 50.8/0.02 015 M 946 25 - 16.2 8.97 traces
LiClO4 CH5CN/H,0
10 DHA, 49.6/0.03 015 M 916 =TT 1.3-1.4 24 477 n.d.
LiClO, CH3CN/H,0
11 DHA, 50.4/0.03 015 M e T 2.4 3 5.46 traces
LiClO4 CH5CN/H,0
12 DHA, 200.4/0.06 015 M 946 =TT 2.4 3.2 2.97 traces
LiClO, CH3CN/H,0
13 DHA, 200.3/0.06 015 M 916 =TT 2.4 8 6.69 65.4

aReaction was performed under an inert atmosphere. ®Yield was calculated by

comparison with an internal standard in NMR.
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Based on the data depicted in table 4, some conclusions can be taken regarding the
oxidation of MDHA, such as the concentration of the supporting electrolyte can greatly
affect the yield of the reaction, so with higher concentrations, we observed higher
yields, while with a low concentration we observed a lower yield (entry 1 vs 3). Also,
the supporting electrolyte used affected greatly the yield of the reaction, when we used
lithium perchlorate we had higher yields, while with TBATFB, the reaction had a lower

yield and was not complete (entry 3 vs 7).

When we increase the current of the reaction, the reaction is faster with a low formation
of impurities and a similar yield to those of the reactions with lower current (entry 3 vs
4 and 5).

The reaction is observed to be reproducible since when it is done under the same

conditions, we observe similar results (entry 2 vs 3).

When the reaction was performed under an inert atmosphere (argon) (entry 6), although
the reaction had a good yield, it was not complete, there was still a large amount of
MDHA present, and through analysis of the *H NMR, we observe that the reaction was

less specific.

Based on the data in table 4, some conclusions can be taken regarding the oxidation of
DHA, such as, that if a constant current of 5.0 mA is used, complete conversion is
achieved but the reaction is not selective, and if lower currents are used, complete
conversion is no longer achieved. However, using a constant potential, complete
conversion is achieved with greater selectivity for the desired product (entry 8 vs 9 vs
13). Regarding the potential, the reaction did not occur at lower potentials (entry 10),
and by NMR analysis, neither traces of the product nor of the starting material were

observed.

The duration of the reaction also proved to be an important factor for complete
conversion of the starting material into the product (entry 12 vs 13), being that 8h was

the time with the highest yield.

Based on the literature (42), the proposed mechanism of benzylic oxidation (scheme 5)
starts with the aromatic ring being oxidized at the surface of the anode to give the radical
cation, which then deprotonates into the benzyl radical, suffering subsequent oxidation,

forming the benzyl cation. This intermediate is then attacked by water, subsequent
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deprotonation generates benzylic alcohol, which is oxidized to give the aimed product.
Due to cathodic reduction, water is electrolyzed to release hydrogen gas.

Anode:

Cathode:

2H,0 + -e~

H, + 20H

Scheme 5. Proposed mechanism for the oxidation of DHA and MDHA.

In conclusion, the oxidation of the benzylic position is an extensively described reaction
in literature, and some examples of conditions used for the oxidation of DHA or MDHA
are shown in table 5. The great advantage of our work is the use of electrochemistry,
allowing us to perform this reaction under simpler and more environmentally friendly
conditions, with the use of fewer and less toxic reagents. Moreover, the oxidations were
generally faster and with total conversion, with greater selectivity, having, in the end,

good yields.
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Table 5. Oxidation of the benzylic position.

Literature Reaction Time Yield
conditions (h) (%)

Synthesis and structural characterisation CrOs

of ring B oxidized derivatives of ichi . 12 67

dehydroabietic acid (45) (stoichiometric)

Synthesis and Antibacterial Activity of CroOs

Benzenesulfonylhydrazone Derivatives (catalytic) 25h 70.6

of Methyl Dehydroabietate (46) y

Regioselective  routes towards 14- Jones reagent

hydroxyabietane diterpenes. A formal (CrOzin aq. 05 11

synthesis of immunosuppressant (L)- H2S0.) '

triptolidefrom (D)-abietic acid (38) (stoichiometric)

Synthesis of Complex and Diverse
Compounds through Ring Distortion of  Swern oxidation =~ -------- 52
Abietic Acid (41)

Oxidation Products of Abietic Acid and

Its Methy! Ester (14) H2504 3 0.09

Regarding the oxidation of Abietic Acid (AA) and of Methyl Ester of Abietic Acid
(MAA), as it can be seen in table 6, multiple experiments were performed in which the
reaction conditions were changed to achieve oxidation of the starting material. All these
reactions were done at room temperature without care to remove air or moisture, unless

stated otherwise.

At first, our aim was to use electrochemistry for the oxidation of the allylic position of
the starting material, being there some works that report this oxidation. There are works
of Shono’s group relating the direct allylic oxidation of a-pinene (although with low
yields) (47) and of Baran’s group that achieved the same oxidation with the use of
mediators (34). Plus, considering the work developed regarding benzylic oxidation, we
started by using and adapting those conditions to achieve allylic oxidation of the starting
material. With the reactions result, we observed that it was not the product of the allylic

oxidation that was being obtained, but rather the product of the olefinic oxidation.
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Table 6. Reaction conditions and results of the oxidation reactions of AA and of

MAA.
I
C i_ _n C
. undivided cell
A
RO 0]
R =H or Me
MAA or AA
Entry Quantity (m.g)/ Supporting S Current Potential Time Electricity Yield
Concentration electrolyte (mA) (V) (h) (F/mol) (%)
(mol/L)
TBATFB
1 MAA, 50.9/0.03 0.092 M MeOH 50 - 14.83 16.23 n.d.
TBATFB .
2 MAA, 49.9/0.05 0.091 M CHsCN 50 - 15.77 18.38 n.d.
LiClO4 CHsCN/H,0 a
3 MAA, 50.2/0.03 0.15 M 946 T 2.4 3 3.10 5
LiClO4 CH3CN/H>0 a
4 MAA, 50.1/0.03 0.12 M 94.6 T 1.2-1.4 6 2.04 3
LiClO4 CH3CN/H20
5 MAA, 204.5/0.06 0.15 M 946 T 1.6 9.43 1.46 6
LiClO4 CHsCN/H20
6 MAA, 201.7/0.06 0.15 M 946 T 2.0 9.48 1.65 22
LiClO4 CHsCN/H20
7 MAA, 200.5/0.06 0.15 M 94.6 T 2.4 3.50 2.03 29.5
LiClO4 CHsCN/H20
8 MAA, 200.4/0.06 0.15 M 94.6 T 2.4 3.13 2.65 25
LiClO4 CHsCN/H20
9 MAA, 200.1/0.06 0.15 M 946 T 2.4 2.13 2.10 47.9
LiClO4 CHsCN/H20
10 AA, 50.4/0.03 0.15 M 94.6 T 2.4 3 4 n.d.
LiClO4 CHsCN/H20
11 AA, 201.6/0.07 0.15 M 946 T 2.4 4 1.72 12
LiClO4 CHsCN/H20
12 AA, 204.6/0.07 0.15 M 946 T 2.4 3.63 2.21 9
LiClO4 CHsCN/H20
13 AA, 202.6/0.07 0.15 M 946 T 2.0 13.78 - 10
LiClO4 CHsCN/H20
14 AA, 201.6/0.07 0.15 M 946 T 2.0 5 2 4
LiClO4 CHsCN/H20
15 AA, 208.5/0.07 015 M e T 2.4 5.3 2.5 48.4

2Yield was calculated by comparison with an internal standard in NMR.
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Based on the data in table 6, some conclusions can be taken in regard to the oxidation
of MAA, for instance, the presence of water in the solvent mixture is important for the
reaction to occur since in reactions where water was not added, the oxidation product
was not observed (entries 1 and 2 vs 9), and by NMR analysis, neither traces of the
product nor of the starting material were observed.

We observe that with the use of constant potential, we were able to observe the
formation of the product of oxidation since reactions with constant potential are more
selective than those with a constant current. We studied the use of different potentials
to obtain the desired product, noting that with lower potentials (entry 4) the reaction
had a negligible yield, and at potentials other than 2.4 V, the reaction occurs but takes
longer to complete and had lower yields (entries 5 and 6 vs 9).

The reaction is observed to be reproducible since when it is done under the same

conditions, we observe similar results (entries 7 to 9).

Based on the data in table 6, some conclusions can be taken regarding the oxidation of
AA, such as, the product of this reaction is unstable and degrades. And the reaction is
shown to be reproducible since when it is done under the same conditions, we observe

similar results (entries 11 and 12).

Regarding entry 10, by NMR analysis, neither traces of the product nor of the starting

material were observed.

As to the potential used in the reaction, at a lower potential, the reaction still occurs but

takes more time (entries 13 and 14 vs 15).

The first obstacle we encounter about the oxidation of AA and MAA, was knowing
which product was being formed because both molecules have multiple activated allylic
positions, so different products can arise. Based on some oxidation protocols of these
compounds, we were able to foresee some of the products we could expect from this

reaction, being some examples in scheme 6 (14,48-50).

Based on the literature, the proposed mechanism of the oxidation of AA and MAA
(scheme 6) starts with either the vinylic position being oxidized at the surface of the
anode to give a radical cation and the intermediate formed is attacked by water, forming
the epoxide or there is the formation of hydrogen peroxide in situ by the oxidation of
water, achieving the epoxide by electrophilic oxygen transfer to the double bond

(51,52). Afterwards, through ring-opening, we observe the formation of the ketone.
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This can happen by two possible ways, either we have deprotonation, which forms an
oxyl, that suffers reorganization to form the ketone (purple arrows). Or we have direct
reorganization of the epoxide which forms the ketone (turquoise arrows) (53,54).

To further understand this mechanism and see if the epoxide is an intermediate of this
oxidation of AA and MAA, we have to synthesize the epoxide and submit it to the same
reaction conditions as the starting material to verify if the expected product is formed
(50,52).

+ mixed

O I

Isomerization
—_—

H50, electricity

H,O

Scheme 6. Examples of enones we could obtain from allylic oxidation and the
proposed mechanism.

The second obstacle we encountered was that the reaction product would undergo
decomposition (scheme 7), as it oxidizes with exposure to air. Such reaction is
described in the literature, that under aerial exposure, abietic acid suffers self-oxidation

and enones, including resin acid derivatives, oxidize to form peroxides (50).
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We also observed so, after isolating the reaction product, two NMRs were performed,
with a one-week gap between the two, and it was observed conversion of about 50% of
the reaction product into an isomer (not isolated, diagnostic signals only observed) but,
despite being described in the literature, we did not observe the formation of peroxide
(41). It is important to note that the compound isolated from the reaction was not

exposed to air for a very long time, it was mostly kept in vacuum.

undivided cell

A
(6]
Product isolated Product observed after 1 week Not observed

Scheme 7. Oxidation of AA and degradation of the reaction product.

RO

One of our specific objectives with the oxidation of the abietanes was to subsequently
oxidize the colophony, a complex mixture of several abietanes, including DHA and
AA. Considering the oxidation potentials of these molecules and their methyl
derivatives, we studied the selectivity of the oxidation of abietanes when to a mixture
of MDHA and MAA, we apply such reaction conditions that we only oxidize the
compound with a lower oxidation potential, the MAA (scheme 8). This reaction was

done at room temperature without care to remove air or moisture.

To achieve this reaction selectively in which only MAA was oxidized, a lower potential
was used, which included the first oxidation potential of MAA but not the oxidation
potentials of MDHA and limited the number of electrons that could be supplied to the

reaction medium.

By the *H NMR analysis, it is concluded that the reaction was selective since it was
only observed the oxidation of MAA and not of MDHA, and yield was calculated by
comparison with an internal standard in NMR and regarding the amount of starting

material of each molecule.
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Scheme 8. Reaction conditions and results of the oxidation reaction of MAA.

3.4 Reduction of the ketone to the secondary alcohol

To elucidate more about the mechanism behind the oxidation of abietanes, we started
by reducing the ketone to the secondary alcohol, and afterwards, we would submit it to
the same oxidation reaction conditions to see if the ketone was formed. If the reaction
occurred, we could say that it could be a possible intermediate of the oxidation reaction

(scheme 5). This test remains to be done.

So, to proceed to this reduction, we followed a reported protocol (55), where to the
solution of the product of the oxidation of MDHA in methanol we add sodium
borohydride. At the end of the reaction, we observed the total conversion to the

secondary alcohol with a 92% yield.

Regarding the mechanism behind this reaction (scheme 9), we have two steps, first
addition and then protonation. So, in the first step, the H atom detaches from the
borohydride and adds to the carbonyl carbon, forming a C-H bond and breaking the C-
O bond, thus forming an alkoxide. In the second step, a proton from water or an acid is
added to the alkoxide to make the alcohol (56,57).

= OH

T

@)

Scheme 9. Reduction with sodium borohydride of the ketone to the secondary
alcohol.
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3.5 Cyclic Voltammetry studies of the secondary alcohol derivative

The cyclic voltammetry experiments indicate that the secondary alcohol derivative
exhibit two irreversible oxidation potentials (figure 5).

We did multiple runs for this molecule during the cyclic voltammetry experiments,
varying the concentration of the compound and the maximum potential of the
experience. By analyzing the graphics of the multiple runs for this compound during

the cyclic voltammetry experiments, we can draw the conclusions stated below.

1200
1000
800
low conc. (2.9 mmol/mL)
< 600 upto3.5V
-
oy
g
5 400 — high conc. (6.5 mmol/mL)
© upto3.5V
200
0 .——
0 500 1000 1500 2000 2500 3000 3500 4000

-200
Potential (V)

Figure 5. Cyclic Voltammetry of secondary alcohol derivative.

Finally, comparing both the oxidation potentials of the secondary alcohol derivative

with MDHA (table 7), we can observe that the first has lower oxidation potentials.
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Table 7. Cyclic Voltammetry studies of the secondary alcohol derivative.

Low High
Oxidation (E», ) concentration concentration
Molecule 2
\Vj tested tested
mmol/mL mmol/mL
19-21V
2.9 6.5
24-25V
2.3-24V
5.6 11.7
2.7-29V

3.6 Electrochemical Oxidation with Mediators

3.6.1 Allylic and Benzylic Oxidation

Similar to benzylic oxidations, allylic oxidations are also generally based on the use of
toxic reagents, such as chromium or selenium, or on the use of transition metal catalysts,

like Pd and Rh, which causes difficulties in industrial settings (58).

Regarding the use of electrochemistry for indirect benzylic oxidation, as it is well
studied, there are some protocols reported. While the direct oxidation of allylic
positions is less described, mostly since the C-H bonds of these positions have very
high oxidation potentials (59). To circumvent this problem, indirect electrolysis
reactions can be performed, where mediators are used, which allow the reaction to occur
at lower potentials (27,35). As an example, we have the work developed by Baran's
group, where using tetrachloro-N-hydroxyphthalimide (ClzNHPI) as a mediator, were

able to achieve the allylic oxidation of multiple substrates with good yields (34).

Having as base the protocol developed by Baran's group (34), we proceeded with the
allylic oxidation of Methyl Ester of Abietic Acid (MAA) and we also adapted the
protocol to proceed with the benzylic oxidation of Methyl Ester of Dehydroabietic Acid
(MDHA).

Regarding the mechanistic aspects of this reaction (scheme 10), we adapted the

proposed mechanism to MDHA as starting material, thus first we had the deprotonation
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of CIsNHPI by pyridine, followed by anodic oxidation, giving tetrachlorophthalimido-
N-oxyl, which subsequently mediates the abstraction of a hydrogen atom from the
starting material, regenerating CIsNHPI and generating the benzylic radical of the
starting material which then reacts with ‘BuOOH to from a benzylic peroxide, which

upon elimination of '‘BUOOH, affords the oxidation of the benzylic position.

tBUOHOH
> +
/ \ L H
B H -e”
H
Me0” O
MeO (¢} .
R;N—0 R,N——OH
-e” +
(Anode)& R,N—O /f—}sHsNH o,
+e, H
CstisN (Cathode)

Scheme 10. Proposed mechanism for electrochemical benzylic oxidation.

Table 8. Reaction conditions and results of the oxidation reactions of MDHA and

of MAA.
MDHA or
MAA
Quantity Supporting Current Potential Time Electricity Yield
Entry = mg)/ electrolyte SOV Ay v) () (F/mol) (%)
Concentration
(mol/L)
MDHA, 79.8/ LiClO.
1 0.08 0.1 M Acetone 100 = ------- 18.5 27.61 30
MAA, 158.6/ LiClO4
2 0.08 01M Acetone 100 - 17.88 13.35 n.d.
MAA, 79.8/ LiClO4
3 0.08 0.1 M Acetone  ------- 2.0 24 2.92 n.d.
MAA, 79.9/ LiClO4
4 0.08 0.15 M Acetone  ------- 1.0-16 8.48 0.61 n.d.
MAA, 79.9/ LiClO4
5 0.08 01M Acetone  ------- 1.0-14 433 1.6 n.d.

Comparing the data in table 4 vs table 8, some conclusions can arise about the

oxidation of MDHA, as we are able to achieve the oxidation with the mediator, but
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despite having a total conversion, it has a lower yield than direct electrolysis and takes

longer to finish (entry 1).

Based on the data in table 8, a conclusion can be taken for the process of oxidation of
MAA, which was that either using constant current as reported in the protocol (entry
2) (34), or using constant potential, with different potentials (entries 3 to 5), we were
not able to achieve the oxidation of MAA and synthesize the product we were aiming

for.

In entries 2,3 and 5, by NMR analysis, neither traces of the product nor of the starting
material were observed. And in entry 4, by NMR analysis, traces of the starting

material were observed.

3.6.2 Oxidation of Non-activated positions

Non-activated positions are positions that have high redox potentials, so there are a
couple of options, either we use high potentials to achieve their oxidation, and risk
having the oxidative degradation of the solvent and other functionalities, or we can use
strong oxidants, like methyl(trifluoromethyl)dioxirane (TFDO) and metal complexes,
which have the problem of either have a complicated preparation or being expensive
(60).

Baran's group studied the possibility of using mediators to obtain oxidation of non-
activated positions, reaching the conclusion that with the use of quinuclidine as a
mediator they were able to achieve the electrochemical oxidation at a relatively low
potential (60).

We started by synthesizing quinuclidine from quinuclidone, based on protocols
regarding that reaction (60,61). We followed a general procedure, although minimal

changes were made in between the different attempts to synthesize the quinuclidine.

In regard to the different entries in table 11, we were always able to synthesize the
quinuclidine, but we could not isolate it from the reaction medium, we tried to isolate
the reaction product by distillation under low pressure, but the solvent from the reaction
medium was always carried with the reaction product into the collection flask. Between
the different entries we increased the reaction scale so that it would be easier to isolate

the desired product, but always without success.
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Regarding the mechanistic aspects of this reaction, a Wolff-Kishner reduction (scheme
11), the first step is the formation of the hydrazone, then deprotonation of the terminal
nitrogen by the base with the formation of a hydrazone anion. The third step is the
protonation of the carbon, and the fourth step is the deprotonation of nitrogen with the

release of hydrogen, giving an alkyl anion, which undergoes protonation to give the

alkane.
__—NH
0 N "\ N==NH
TK/ H,NNH, a Vo —
N — > ~_~ G H——0H OH
H
—N—-H OH
— N £ gl CD
—_—
NﬁH 'EZO N -OH Nl
N2

Scheme 11. Synthesis of quinuclidine.

3.7 Flow electrochemistry for oxidation of DHA

Since we were able to achieve and optimize the benzylic oxidation of DHA in batch,
we started to work towards the scale up of this reaction, with the use of flow
electrochemistry. As it can be seen in table 9, multiple experiments were performed in
which the reaction conditions were changed to achieve oxidation of the starting
material. All these reactions were done at room temperature without care to remove air
or moisture. After adding the starting material, a white solid was observed that did not
dissolve even after sonification. The reaction mechanism is the same as the one in

scheme 5.

Based on the data in table 9, there are some conclusions to be taken regarding the
oxidation of DHA, such as, the residence time, which is the amount of material in the
flow cell divided by the flow rate, was the crucial factor for the oxidation to take place.
When lower flow rates were used (entries 4 and 5), the residence time was higher, and
we observed the conversion of the starting material in the product. While when we used
higher flow rates (entries 1 — 3), this conversion was not observed, despite using
optimal conditions for the benzylic oxidation to take place (use of constant current of

20 mA or constant potential of 2.4 V).
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Nevertheless, this conversion in entries 4 and 5 was not complete, there was still

starting material present, and when compared between each other, we can observe that

entry 5 has a higher conversion than entry 4.

More experiments are needed to achieve the full conversion of the starting material in

the product, to study if we can achieve this reaction without the presence of a supporting

electrolyte, and to further optimize this reaction.

Table 9. Reaction conditions and results of the flow electrochemistry for oxidation
reactions DHA.

Flow cell

(C(+)1C(-))

=

undivided cell

H
HO™ "0 HO™ Y0
. Final Result
DHA.‘ Supporting Current Potential - o Res!dence (starting
Entry Quantity I I Solvent rate time . .
(mg) electrolyte (mA) V) (uL/min) (min) material/desired
product)
T VR, 500 24 No conversion
observed
LiClO4 CH3CN/H20 .
505.6 A T No conversion
2 0.1M 94:6 20 500 2.4 observed
3 24V 100 12 No conversion
observed
Conversion
. LiCIO, CHiCNH,0 20 7~ >0 24 observed (2:1)
0t 0.1M 94:6 Conversion
5 ' ' 40 @ - 16.67 71.9

observed (1:3)
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4 Experimental Design

4.1 Materials

All chemicals, and solvents for the synthesis of the compounds were either of analytical
grade, purchased from commercial sources, namely Sigma-Aldrich®, Fluorochem,
Merck, and Alfa Aesar, and these were used without further purification unless
otherwise noted. The following list contains the material that was used for the basis of
the development of the experimental design.

e Abietic Acid (AA)

e Dehydroabietic Acid (DHA)
e Quinuclidone

e Acetone

e lodomethane

e Potassium carbonate

e Sodium borohydride

e Water

e Methyl tert-butyl ether (MTBE)
e Hexane

e Ethyl Acetate

e Formic Acid

e Dichloromethane (DCM)

e Acetonitrile

e Methanol

e Diethylene glycol

e HCI 1.0 M Solution

e Hydrazine

e Lithium perchlorate
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e N-Hydroxytetrachlorophthalimide
e Pyridine

e 1,3,5-trimethylcyclohexane

e Tert-butyl hydroperoxide

e Anhydrous sodium sulfate

e Silica

4.2 Equipment

The following is the equipment that was the basis for the development of the

experimental design.
e Stirring plate
e NMR (Bruker MX300 spectrometer)
e Rotary evaporator
e Vacuum pump
e |KA ElectraSyn 2.0
e Heating blanket

e Flow System consisting of two pumps, a mixing unit, IKA ElectraSyn Flow,

and a power source.
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5 Procedures

5.1 Esterification of AA

For the esterification of AA, we followed a reported protocol (41) which consisted in
adding AA (6.03 g, 0.0199 mol), acetone (90.0 mL, 0.22 M), iodomethane (4.0 mL,
0.064 mol, 3.2 equiv.), and potassium carbonate (7.03 g, 0.0508 mol, 2.55 equiv.) to a
250 mL round-bottom flask equipped with a stir bar. It was left to stir for 48 hours at
room temperature. The reaction was followed by TLCs (eluent — 9:1 or 8:2
Hexane/Ethyl Acetate).

Scheme 12. Esterification of the AA (1) with the formation of the MAA (2).

After, it was used a separatory funnel to separate the organic fraction from the aqueous
fraction, starting by using 50 mL of water, then used MTBE, first 75 mL two times, and
lastly 40 mL. We recovered the organic fraction to an Erlenmeyer flask, added
anhydrous sodium sulfate, and filtered the organic fraction to a round-bottom flask. The
organic fraction was dried in a rotary evaporator. A mixture of yellowish oil and brown
oil was obtained which was washed with heated hexane (two times 6 mL and one time

10 mL), giving a yellow solution that was stored in the refrigerator for 10 hours.

The solution was absorbed in silica and we did a column to isolate the products of the
reaction. The fractions that had the products were collected to a round-bottom flask and
then dried in a rotary evaporator. The eluent used was first 200 mL of Hexane/Ethyl
Acetate (9.5:0.5) and then 600 mL of Hexane/Ethyl Acetate (9:1).

Two fractions were isolated, one first fraction that was a transparent oil (5.2962 g) and
a second fraction that was a thick yellow oil (0.5012), both fractions had the methyl
ester derivative, but the second fraction add less and was less pure, so the first fraction
was the one used in the subsequent reactions. After being stored in the fridge both

stayed as oil.
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After isolating the methyl ester of abietic acid, it was isolated with 81.5 % yield as a
transparent oil. It was characterized by *H-NMR and **C-NMR and were following the
literature (37-39).

5.2 Esterification of DHA

For the esterification of DHA, we followed a reported protocol (41) which consisted
in adding DHA (6.06 g, 0.0202 mol), acetone (90.0 mL, 0.22 M), iodomethane (4.0 mL,
0.064 mol, 3.2 equiv.), and potassium carbonate (7.07 g, 0.051 mol, 2.52 equiv.) to a
250 mL round-bottom flask equipped with a stir bar. It was left to stir for 48 hours at
room temperature. The reaction was followed by TLCs (eluent — 9:1 or 8:2
Hexane/Ethyl Acetate).

Mel
K,CO3

C3HgO

3 4
Scheme 13. Esterification of the DHA (3) with the formation of the MDHA (4).

After, it was used a separatory funnel to separate the organic fraction from the aqueous
fraction. We started by using 50 mL of water, then used MTBE, first 75 mL and second
50 mL. The organic fraction was recovered to an Erlenmeyer flask, added anhydrous
sodium sulfate, and filtered the organic fraction to a round-bottom flask. The organic
fraction was dried in a rotary evaporator. A transparent oil was obtained which was

washed with heated hexane (two times 6 mL) and stored in the refrigerator for 10 hours.

The solution was absorbed in silica and we did a column to isolate the products of the
reaction. The fractions that had the products were collected to a round-bottom flask and
then dried in a rotary evaporator. The eluent used was first 100 mL of just Hexane, 300
mL of Hexane/Ethyl Acetate (9.5:0.5) and then 300 mL of Hexane/Ethyl Acetate (9:1).

Three fractions were isolated, one first fraction that was a transparent oil (0.0904 g), a
second fraction that was also a transparent oil (3.1029 g), and a third fraction that was

initially a transparent oil, but when stored in the fridge, it turned into a dense white oil,
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close to a solid (4.0244 g). Only the second and third fractions did have the methyl ester
derivative, but the second fraction add less and was less pure, so the third fraction was

the one used in the subsequent reactions.

After isolating the methyl ester of dehydroabietic acid, it was isolated with 63.4 % yield
as a transparent oil. It was characterized by *H-NMR and 3C-NMR and were following
the literature (37-41).

5.3 Cyclic Voltammetry studies of Abietanes AA, MAA, DHA and
MDHA
Cyclic voltammetry was performed using an IKA ElectraSyn 2.0.

The electrolyte used was 0.1 M [Bu,N][BF,] and the solvent used was acetonitrile (3
mL).

The reference electrode was an AgCI/Ag electrode, the working electrode was made of

glassy carbon, and the counter electrode of platinum.

The concentrations used in the experiments for each molecule are in table 10.

Table 10. Concentrations of Abietanes used in Cyclic voltammetry studies

Molecule

Low
concentration
tested
mmol/mL
High
concentration

tested 6.8 9.3 10.8 11.7
mmol/mL

2.6 3.9 ) 5.6
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Regarding figures 6 — 9, each figure has the results obtained with cyclic voltammetry
for each molecule, having an experiment with the background (no compound was
added), and the multiple experiments performed where the concentration of the

compound and the maximum potential of the experiment were varied.
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Figure 6. Cyclic voltammetry data of AA was obtained with a glassy carbon as
working electrode and platinum as the counter electrode in acetonitrile containing
[BusN][BF4] as the electrolyte.
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Figure 7. Cyclic voltammetry data of DHA was obtained with a glassy carbon as
working electrode and platinum as the counter electrode in acetonitrile containing
[BusN][BF4] as the electrolyte.
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Figure 8. Cyclic voltammetry data of MAA was obtained with a glassy carbon as
working electrode and platinum as the counter electrode in acetonitrile containing
[BusN][BF4] as the electrolyte.
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Figure 9. Cyclic voltammetry data of MDHA was obtained with a glassy carbon
as working electrode and platinum as the counter electrode in acetonitrile
containing [BusN][BF4] as the electrolyte.

5.4 Oxidation of Abietanes AA, MAA, DHA and MDHA

Regarding the oxidation of abietanes DHA and MDHA, the conditions are in table 4,

and regarding the oxidation of abietanes AA and MAA, the conditions are in table 6.

f b

undivided cell

R =H or Me

Scheme 14. Oxidation of Abietanes DHA or AA (R = H) or MDHA or MAA (R =
Me).
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All these reactions were done at room temperature without care to remove air or
moisture, unless stated otherwise. Also, in all these reactions the equipment used was
an IKA ElectraSyn 2.0, graphite electrodes were used as both working and counter
electrodes and let the reaction stir at 550 rpm during the whole experiment. All the
reactions were followed by TLCs (eluent — 9:1 or 8:2 Hexane/Ethyl Acetate) and with
an NMR of the reaction crude. The product isolated in all the experiments where
conversion of the starting material to the product was observed was a yellowish oil. The
products of the oxidation of DHA and MDHA was characterized by *H-NMR and *C-
NMR and were following the literature (41). And the products of the oxidation of AA
and MAA was characterized by 'H-NMR and *C-NMR and were following the
literature (51,52).

For oxidation of abietanes, uses as the foundation reported protocols (42-44), which
consisted in adding the starting material, solvent, and supporting electrolyte in this order
to a vial equipped with a stir bar. The reaction started as a transparent reaction medium
with a white precipitate, and in the end, the reaction turned yellow. The reaction was

followed through TLCs and then an NMR of the reaction crude.

Flash column chromatography was performed to isolate and purify the desired products

of the reactions.

The eluent used for entry 3 in table 4, was first 150 mL of just Hexane, 400 mL of
Hexane/Ethyl Acetate (9.5:0.5), then 200 mL of Hexane/Ethyl Acetate (9:1) and at last
100 mL of Hexane/Ethyl Acetate (1:1). In the end, three fractions were collected and
all of them had the product of the reaction, being that the second fraction was the purest

one.

The eluent used for entry 13 in table 4, was first 100 mL of just Hexane, then 300 mL
of Hexane/Ethyl Acetate (9:1), and at last 200 mL of just Ethyl Acetate. In the end, five
fractions were collected and all of them had the product of the reaction, being that the

second fraction was the purest one.

The eluent used for entry 9 in table 6, was 600 mL of Hexane/Ethyl Acetate (9:1). In

the end, three fractions were collected and the last two had the product of the reaction.

The eluent used for entry 15 in table 6, was 400 mL of Hexane/Ethyl Acetate (9:1)
plus 10 mL of formic acid. In the end, four fractions were collected and the two in the

middle had the product of the reaction.
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For the selective oxidation of MAA in a mixture of MAA and MDHA, we started by
adding MDHA (100.2 mg, mol), MAA (100.7 mg, mol), acetonitrile (9.5 mL), water
(0.6 mL), and lithium perchlorate (0.15 M) to a vail equipped with a stir bar. It was left
to stir for 2.55 hours with a constant potential of 2.0 V at room temperature. The

electricity was 2.0 F/mol.

5.5 Reduction of the ketone to the secondary alcohol

For the reduction of the ketone to the secondary alcohol, we followed a reported
protocol (55), which consisted in adding the product of the oxidation of MDHA (60.5
mg, 0.18 mmol), methanol (2 mL, 0.09 M), and sodium borohydride (7.07 g, 0.051 mol,
2.52 equiv.) to a small round-bottom flask equipped with a stir bar. It was left to stir for
1 hour in a cold bath. At the end of the reaction, quench with saturated NH4ClI (1 mL).

NaBH,

MeOH
0°C

O Ihn
o Il

MeO MeO

Scheme 15. Reduction of the ketone to the secondary alcohol.

After, a separatory funnel was used to separate the organic fraction from the aqueous
fraction. Started by adding 5 mL of water, then extracted with DCM three times (5 mL).
The organic fraction was recovered to an Erlenmeyer flask, added anhydrous sodium
sulfate, and filtered the organic fraction to a round-bottom flask. The organic fraction

was evaporated in a rotary evaporator.

At the end of the reaction, we observed the total conversion to the secondary alcohol
with a 92% yield. The product isolated was a whiteish oil. It was characterized by *H-
NMR and 3C-NMR and were following the literature (55).

5.6 Cyclic Voltammetry studies of the secondary alcohol derivative

Cyclic voltammetry was performed using an IKA ElectraSyn 2.0.
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The electrolyte used was 0.1 M [Bu,N][BF,] and the solvent used was acetonitrile (3
mL).

The reference electrode was an AgCI/Ag electrode, the working electrode was made of
glassy carbon, and the counter electrode of platinum.

Regarding figure 10, each figure has the results obtained with cyclic voltammetry for
each molecule, having an experiment with the background (no compound was added),
and the multiple experiments performed where the concentration of the compound and

the maximum potential of the experiment were varied.
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Figure 10. Cyclic voltammetry data of Secondary alcohol derivative was obtained
with a glassy carbon as working electrode and platinum as the counter electrode
in acetonitrile containing [BusN][BF4] as the electrolyte.

59



5.7 Electrochemical Oxidation with Mediators

5.7.1 Allylic and Benzylic Oxidation

Regarding the oxidation with mediators of abietanes MDHA and MAA, the conditions

N

Acetone, LiCIOy4, pyridine, tBuOOH

are in table 8.

undivided cell

T

N
MeO™ SO

Scheme 16. Oxidation of Abietanes MDHA or MAA.

All these reactions were done at room temperature without care to remove air or
moisture, unless stated otherwise. Also, in all these reactions the equipment used was
an IKA ElectraSyn 2.0, graphite electrodes were used as both working and counter
electrodes and let the reaction stir at 550 rpm during the whole experiment. All the
reactions were followed by TLCs (eluent — 9:1 or 8:2 Hexane/Ethyl Acetate) and with

an NMR of the reaction crude.

For oxidation of abietanes, we followed the protocols reported by Baran’s group (34),
which consisted in adding the starting material, acetone, lithium perchlorate, and
CIlsNHPI in this order to a vial equipped with a stir bar. Then we added pyridine, where
it is observed a change of the solution from pale yellow to red, which resulted from the
formation of a suspension of the same color. The reaction was followed through TLCs

and then an NMR of the reaction crude.

5.7.2 Synthesis of quinuclidine

For the synthesis of quinuclidine we followed a general protocol (60,61), which
consisted in adding to a round-bottom flask quinuclidone, then diethylene glycol,
potassium hydroxide, and at last hydrazine. All the reactions were conducted under an

inert atmosphere (N2) and heated to reflux. The conditions of each experiment are in

table 11.
Y KOH
H,NNH
NK — > Nl

| _ Diethylene glycol
g Cl

Scheme 17. Synthesis of quinuclidine.
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Regarding entries 1 and 2, we used the same conditions as the ones described by
Baran’s group (60), except for the use of Dean-Stark apparatus. We started by heating
the reaction mixture to reflux (135°C) for 2 hours, then increased the temperature
(165°C) for another 4 hours.

Regarding entries 3 to 5, we started by heating the mixture to reflux for 2 hours (165°C).

Concerning the isolation and purification of quinuclidine, three different paths were
followed, first was combining entries 1 to 3 and did a distillation under vacuum at low
pressure and high temperature, second try, entry 4, did a distillation with a more
powerful vacuum pump, or third try, entry 5, did a distillation with a more powerful
vacuum pump, with cold water bath passing through the condenser, and afterwards, the
reaction crude was transferred to a separating funnel to which different organic solvents
(four times MTBE 10 mL, one time Hexane 10 mL, one time Ethyl Acetate 10 mL) or
an acid solution (10 mL of HCI) were added.

Table 11. Reaction conditions synthesis of quinuclidine.

SR - e P
(mL) (mg)
1 103.9 0.7 195 90
2 102.1 0.7 207.2 90
3 100.5 0.7 133.1 90
4 507.3 3.5 700.2 450
5 2002.0 14 2805.8 1800

5.8 Flow electrochemistry for oxidation of DHA

Regarding the oxidation of DHA with flow electrochemistry, all these reactions were
done at room temperature without care to remove air or moisture. Also, in all these
reactions the equipment used was an IKA ElectraSyn flow, graphite electrodes as both
working and counter electrode, undivided, with an interelectrode gap which volume
was 1.2 mL. All the reactions were followed by TLCs (eluent — 9:1 Hexane/Ethyl

Acetate) and with an *H NMR of the reaction crude.
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Flow cell
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Scheme 18. Oxidation of Abietanes DHA.

The reaction conditions for the oxidation of DHA are described in table 9 and the
general procedure consisted in adding the starting material, solvent, and supporting
electrolyte in this order to an Erlenmeyer flask equipped with a stir bar, resulting in a
white suspension. Then 10 mL of the reaction mixture were taken to a disposable
syringe and were pumped throughout the electrochemical setup with a fixed flow rate.
In the beginning and in between experiments under different reaction conditions we had

discarded 2 mL of the reaction mixture.
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6 Product Characterization

Abietic Acid (AA). 'H NMR (300 MHz, CDCls) 8 5.77 (s, 1H), 5.38, 5.38 (d, 1H, J = 3.8 Hz), 2.24-2.20 (m, 1H), 2.09 — 2.07 (m, 4H), 1.92 —
1.90 (m, 2H), 1.86 (s, 1H), 1.83 — 1.76 (m, 4H), 1.70 — 1.69 (s, 1H), 1.61 — 1.58 (m, 2H), 1.26 (s, 3H), 1.02, 1.01 (d, 3H, J = 2.71Hz), 1.00 — 0.99

(d, 3H, J = 2.76 Hz), 0.83 (s, 3H).
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Figure 11. *H NMR spectrum of AA.
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Dehydroabietic Acid (DHA). 'H NMR (300 MHz, CDCls) & 7.19, 7.16 (d, 1H, J = 8.18 Hz), 7.02 — 6.99 (dd, 1H, J = 8.14, 2.04), 6.89 (d, 1H, J
= 2.04 Hz), 2.95 — 2.88 (m, 2H), 2.85 — 2.76 (sept, 1H), 2.28 — 2.23 (dd, 1H, J = 12.45, 2.20 Hz), 1.83 (m, 2H), 1.80 — 1.74 (m, 3H), 1.71 - 166
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Figure 12. 'H NMR spectrum of DHA.
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Methyl Ester of Abietic Acid (MAA). 'H NMR (300 MHz, CDCls) 8 5.77 (s, 1H), 5.36, 5.34 (d, 1H, J = 5.4 Hz), 3.61 (s, 3H), 2.27 — 2.14 (sept,
1H, J = 6.9, 6.4 Hz), 2.07 — 2.03 (m, 4H), 1.90 — 1.69 (m, 5H), 1.61 — 1.52 (m, 3H), 1.24 (s, 3H), 1.01 (d, 3H, J = 2.6 Hz), 0.98 (d, 3H, J = 2.7
Hz), 0.81 (s, 3H). *°C NMR (100 MHz, CDCls)  179.1, 145.5, 135.7, 122.5, 121.4, 52.9, 51.7, 51.0, 50.5, 46.7, 35.1, 34.7, 27.6, 22.4, 21.9, 20.7,
19.6, 18.3, 17.9, 16.3, 14.9.
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Figure 13. 'H NMR spectrum of MAA.
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Methy!l Ester of Dehydroabietic Acid (MDHA). *H NMR (300 MHz, CDCls) § 7.18, 7.15 (d, 1H, J = 8.2 Hz), 7.01 — 6.88 (d, 1H, J = 8.2, 1.6
Hz), 6.88 (s, 1H), 3.66 (s, 3H), 2.91 - 2.76 (m, 3H), 2.33-2.28 (m, 1 H), 2.27 — 2.22 (m, 1H), 1.75-1.58 (m, 7H), 1.28 (s, 3H), 1.24 (s, 3H), 1.21
(s, 6H). 3C NMR (100 MHz, CDClz) & 179.3, 147.0, 145.8, 134.8, 128.0, 125.0, 123.3, 52.9, 51.0, 47.8, 45.9, 45.1, 37.1, 33.9, 33.8, 30.1, 24.9,
24.5, 23.3, 21.7, 18.72.
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Figure 15. 'H NMR spectrum of MDHA.
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Methyl-7-isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylate. *H NMR (300 MHz, CDCls) & 7.79 (d, 1H,
J=2.2Hz), 7.32 (dd, 1H, J = 8.1, 2.1), 7.21 (d, 1H, J = 8.2), 3.56 (s, 3H), 2.84 (sept, 1H, J = 6.9 Hz), 2.71 — 2.56 (m, 2H), 2.35 — 2.17 (m, 2H),
1.82 — 1.44 (m, 5H), 1.26 (s, 3H), 1.17 (s, 6H), 1.15 (s, 3H). *C NMR (100 MHz, CDCl3) & 198.5, 177.8, 152.9, 146.9, 132.6, 130.7, 125.0,
123.5,52.2, 46.7, 43.8, 37.8, 37.3, 37.1, 36.5, 33.6, 23.8-23.7, 18.2, 16.4.
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Figure 17. 'H NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-oxo0-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylate.
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Figure 21. HSQC NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-0x0-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylate.
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7-lsopropyl-1,4a-dimethyl-9-ox0-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylic acid. *H NMR (300 MHz, CDCls) & 7.86 (d, 1H, J =
2.1Hz), 7.41-7.37 (dd, 1H, J = 8.2, 2.1 Hz), 7.28 (d, 1H, J = 8.26 Hz), 2.97 — 2.83 (sept, 1H, J = 6.90), 2.75 — 2.66 (m, 2H), 2.50 — 2.46 (m, 1H),

2.37 - 2.24(m, 2H), 1.86 — 1.76 (m, 5H), 1.33 (s, 3H), 1.25 (s, 3H), 1.23 (5, 3H), 1.21 (s, 3H). *C NMR (100 MHz, CDCls) § 199.1, 183.1, 153.1,
147.0,132.8, 130.7, 125.2, 123.6, 46.5, 43.7, 37.8, 37.3, 37.2, 36.6, 33.7, 23.9, 23.8, 23.7, 18.2, 16.2.
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Figure 22. 'H NMR spectra of 7-1sopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylic acid.
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Figure 23. *C NMR spectrum of 7-I1sopropyl-1,4a-dimethyl-9-oxo0-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylic acid.

75



A al .

03252021_IM_50_F2_char, 12.ser

[
@
8

-8
-9
~10

F11

-14

T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
£2 (ppm)

Figure 24. COSY NMR spectrum of 7-1sopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylic acid.

76

15



L

|

il

||

03252021_IM_50_F2_char|14.ser

hl GIJ'I’

000 115
‘ém; Uo- l:‘ﬁ
g go A
0
[ ]
7]
3 -

~100
=110
F120

=130

llSD
160
;170
=180
190

200

=210

15 14 13 12

11

10

6 5
2 (ppm)

Figure 25. HMQC NMR spectrum of 7-Isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylic acid.
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Methyl-7-isopropyl-1,4a-dimethyl-9-0x0-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-carboxylate.'H NMR (300 MHz, CDCls) &
5.80 (s, 1H), 3.63 (s, 3H), 2.89, 2.86 (d, 1H, J = 9.9 Hz), 2.45—-2.36 (td, 1H, J = 14.1, 1.2 Hz), 2.27 —2.19 (m, 1H), 2.17 — 2.12 (dd, 1H, J = 14.186,
2.98 Hz), 1.97 — 1.91 (dd, 2H, J = 14.1, 2.7 Hz), 1.89 — 1.82 (m, 2H), 1.79 — 1.69 (m, 2H), 1.67 — 1.60 (m, 3H), 1.35 — 1.30 (m, 2H), 1.26 — 1.23
(m, 1H), 1.21 (s, 3H), 1.06 (s, 3H), 1.00 (s, 3H), 0.98 (s, 3H). *C NMR (100 MHz, CDCls)  208.8, 177.9, 144.7, 115.3, 53.1, 52.1, 50.2, 50.0,

49.3, 49.0, 47.3, 36.9, 36.0, 34.9, 26.5, 24.8, 23.3, 17.9, 16.8, 16.0, 13.7.
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Figure 27. 'H NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-

carboxylate.
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Figure 28. C NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-

carboxylate.
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Figure 29. COSY NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-

carboxylate.
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Figure 30. HMQC NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-
carboxylate.
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Figure 31. HSQC NMR spectrum of Methyl-7-isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-
carboxylate.
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7-lsopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-carboxylic acid. *H NMR (300 MHz, CDCls) § 5.29
(s, 1H), 2.92 — 2.88 (m, 2H), 2.45 — 2-40 (dd, 2H, J = 14.80, 1.15 Hz), 2.24 — 2.19 (m, 2H), 2.15 — 2.10 (dd, 2H, J = 10.88, 3.92 Hz), 1.73 - 1.66
(dt, 6H, J = 15.02, 2.98 Hz), 1.36 — 1.32 (m, 3H), 1.21 (s, 3H), 1.07 (s, 3H), 1.01 (s, 3H), 0.98 (s, 3H). *C NMR (300 MHz, CDCls) & 209.8,
183.2,144.8, 127.0, 115.2, 49.1, 48.9, 47.1, 44.7, 40.9, 36.0, 34.9, 33.6, 26.7, 25.3, 22.7, 21.8, 21.3, 17.9, 13.8.
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Figure 32. 'H NMR spectrum of 7-lIsopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-carboxylic
acid.

84



o0 (o] [ag]
L] — — — — = = = = oo o el el e el o
| [ | T B T e P
1
| | | 1
[
1 i |
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

f1 (pom)

Figure 33. *C NMR spectrum of 7-lIsopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-carboxylic
acid.
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Figure 34. COSY NMR spectrum of 7-Isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-

carboxylic acid.
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Figure 35. HSQC NMR spectrum of 7-Isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-
carboxylic acid.
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Figure 36. HMQC NMR spectrum of 7-Isopropyl-1,4a-dimethyl-9-oxo-1,2,3,4,4a,4b,5,6,8a,9,10,10a-dodecahydrophenanthrene-1-

carboxylic acid.
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Methyl-9-hydroxy-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylate. *H NMR (300 MHz, CDCls) § 7.38,
7.37 (d, 1H, J = 1.96 Hz), 7.17, 7.14 (d, 1H, J = 8.28 Hz), 7.11 — 7.08 (dd, 1H, J = 8.23, 2.01 Hz), 4.89 — 4.83 (t, 1H, J = 8.68 Hz), 3.67 (s, 3H),
2.96 — 2.81 (sept, 1H, J = 6.94 Hz), 2.30, 2.29 (d, 1H, J = 4.24), 2.26, 2.25 (d, 1H, J = 3.57), 1.84 — 1.79 (dd, 2H, J = 8.26, 4.41 Hz), 1.77, 1.73 (d,
2H, J = 11.98 Hz), 1.68 — 1.64 (m, 2H), 1.48, 1.44 (d, 1H, J = 13.03 Hz), 1.29 (s, 3H), 1.28 (s, 3H), 1.25 (s, 3H), 1.23 (s, 3H). *C NMR (300
MHz, CDCls) 6 178.8, 146.7, 146.5, 137.6, 125.2, 124.9, 123.3, 71.5, 69.9, 52.9, 51.1, 47.3, 37.6, 26.8, 26.31, 26.2, 24.6, 23.0, 21.7, 16.1, 15.7.
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Figure 37. 'H NMR spectrum of Methyl-9-hydroxy-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylate.
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Figure 38. *C NMR spectrum of Methyl-9-hydroxy-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-1-carboxylate.
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7 Conclusions

The main objective of this work was to add biosynthetic value to colophony and its
abietanes (mainly AA and DHA) by developing protocols for electrochemical

oxidations.

We started the experimental work by preparing the corresponding methy! esters of AA
and DHA, as they were potentially more stable and easier to handle starting materials
than the carboxylic acids. Next, we performed cyclic voltammetry studies on these
compounds, which showed two irreversible oxidation potentials for each molecule.
Furthermore, comparing AA or DHA with their derivatives (MAA and MDHA,
respectively), both show similar oxidation potentials, and that comparing AA/MAA
with DHA/MDHA, the latter has higher oxidation potentials. Then we used
electrochemistry to evaluate if AA could be converted into DHA, which we concluded

it was not feasible.

Finally, we developed protocols for the electrochemical benzylic oxidation of DHA
and MDHA, and the oxidation of AA and MAA. Regarding these oxidations, we were
able to achieve the direct benzylic oxidation of both DHA and MDHA with good
yields, the indirect oxidation of MDHA (using CIsNHPI as a mediator) and were also
able to achieve the oxidation of AA and MAA with moderated yields, performed the

structure elucidation of the reaction products.

Regarding these reactions, when the reaction conditions were changed, it affected the
outcome of the reactions, such as the concentration and type of supporting electrolyte
affected the yield of the reaction, being that with higher concentrations and lithium
perchlorate as supporting electrolyte we observed higher. The use of constant current
or constant potential to control the reaction affected the yield and the specificity of the
reaction, for instance, when we used constant currents to oxidize MDHA, the reaction
was selective and had good yields. However, when constant current was used for the
oxidation of DHA, the reaction was not selective, while with constant potentials it was.
Also, by controlling the potential of the reaction, with a mixture of MAA and MDHA,

we were able to achieve selective oxidation of only MAA.
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We proposed that for the oxidation to take place, water is an important source of oxygen
since when we did the reaction without adding water, the oxidation of the starting

material was not observed.

Another goal of this project was to perform electrochemical oxidations of non-activated
C-H bonds of the abietanes by using redox mediators. Towards this end, we synthesized
the mediator quinuclidine by Wolff-Kishner reduction of 3-quinuclidone, but we were
not able to isolate it from the reaction medium during the project period, thusly, these

reactions were not carried out.

To elucidate more about the mechanism behind the oxidation of abietanes, the
reduction of the product of the oxidation of MDHA, we were able to reduce its ketone
to the secondary alcohol, remaining to be tested if we can oxidize the alcohol back to

the ketone under the same electrochemical conditions.

To start studying the scale up of these oxidations, we started to develop protocols for
the flow electrochemical oxidation, in specific the benzylic oxidation of DHA.
Regarding these reactions, we could conclude that the residence time was the crucial
factor for the oxidation to take place, since with lower flow rates we observed the
conversion of the starting material in the product, while the same was not observed

with higher flow rates.

For follow-up work to continue to add biosynthetic value to colophony and its
abietanes, as future research, we will continue to study the use of electrochemistry in
different reactions to synthesize more derivatives of abietanes such as to carry out the
etherification of allylic and benzylic positions, carry out the esterification of carboxylic
acid group, carry out the oxidation of non-activated positions, either by using different
mediators or by using quinuclidine itself. We also aim to use colophony itself in the
electrochemical reactions. Will also study the ability to achieve these oxidations with
other supporting electrolytes. And regarding flow electrochemistry, more experiments
are needed to achieve the full conversion and to study if we can achieve this reaction

without the presence of a supporting electrolyte.
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