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Abstract 

Structure-activity relationship (SAR) studies of natural product analogues that modulate 

transient receptor potential (TRP) channels have been a useful tool for the development of 

potent and selective channel modulators. TRP channels play numerous physiological roles, 

including temperature and pain sensation, and have emerged as viable therapeutic targets. 

Recently, the Derksen group produced a library of TRP melastatin member 8 (TRPM8) 

channel modulators based on the natural product menthol. The first library of menthol 

analogues was prepared via an optimized and cost-effective synthetic route from 

commercially available starting materials. The biological evaluation of the first library 

revealed three novel TRPM8 channel modulators: an agonist with an EC50 of 11 ± 1 μM, an 

antagonist with an IC50 of 2 ± 1 μM, and an allosteric modulator that boosted the channel 

response towards consecutive applications of menthol. This thesis describes the results of 

the first library, and the tailoring of established synthetic methods to prepare a second 

generation library of natural product analogues based on the TRPM8 antagonist from the 

first library. Also described is the exploration of the organo-mediated cross-

dehydrogenative coupling (CDC) of silyl enol ether and ketone substrates with the goal of 

preparing aldol adducts, which are key moieties in bioactive compounds including TRP 

channel modulators. CDC was employed for the direct functionalization of carbon-

hydrogen bonds to prepare aldol adducts in an effort to overcome the issues of controlling 

reactivity and selectivity in aldol addition reactions. This thesis describes the variety of 

substrates and reaction conditions screened, and the measurements and calculations 

conducted in an attempt to optimally produce aldol like adducts directly from silyl 

protected alcohols. The highest yield achieved was an 18% GC-MS yield despite 

considerable effort and exploration of the reaction mechanism.  
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Epigraph 

 

You see, technically, chemistry is the study of matter, but I prefer to see it as the study of 

change: Electrons change their energy levels. Molecules change their bonds. Elements 

combine and change into compounds. But that’s all of life, right? It’s the constant, it’s the 

cycle. It’s solution, dissolution. Just over and over and over. It is growth, then decay, then 

transformation. It’s fascinating really. It’s a shame so many of us never take time to 

consider its implications. 

Walter White (Brian Cranston), Breaking Bad, Season 1, Episode 1, Pilot 
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Chapter One: Classification, function, structure and known modulators of the 

transient receptor potential channels 

The study of mammalian ion channels is essential for understanding the physiology of 

many cellular processes and the development of treatments for the diseases and symptoms 

associated with irregular ion channel function.1-3 One group of fundamentally intriguing ion 

channels is the superfamily of transient receptor potential (TRP) channels which contains 

twenty-eight vertebrate channels.4-5 These channels are expressed in various mammalian 

cell types and tissues, including in somatosensory neurons of the central nervous system, 

epidermis, bladder, kidney, and the prostate.2-4,6-8 TRP channels play key physiological 

roles related to their sensory perception, which ranges from taste-sensing to pain-sensing.3-4 

The therapeutic implications of targeting these channels have been fairly widely studied, 

but the availability of structural information and clinically-approved modulators for each 

channel is currently limited. Structure-activity relationship (SAR) studies of TRP channels 

are critical tools for overcoming these limitations and accessing channel druggability. 

However, knowledge of each TRP channel’s activating stimuli, structure, and ligand 

binding sites is crucial for the development of strategic SAR studies that will lead to potent 

and selective channel modulators.  

1.1 Classification of transient receptor potential channels 

Cellular ion channels are fundamental membrane proteins that span the lipid-bilayer to 

form pores in the extracellular membranes of all cells.3,9-10 These channels regulate the flow 

of ions across the cell membrane, including sodium (Na+), potassium (K+), protons (H+), 

calcium (Ca2+), magnesium (Mg2+), and chloride (Cl-); allowing the channels to control the 

cell potential, cell volume, and induce electrical signals.1,3,9-15 The opening and closing of 
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ion channels regulates a spectrum of cellular processes, including electrical activity in the 

nervous and endocrine systems, muscle contractions, and sensory perception.9-10,12-14 Ion 

channels are generally classified based upon how they are gated, which ions they interact 

with, and in which cells they are located; but the TRP channels fall into multiple 

classification categories.2 The TRP superfamily consists of more than eighty cation 

channels, twenty-eight of which are mammalian, that have a range of activation methods 

including voltage, osmotic stress, intra- and extra-cellular messengers, and chemical and 

mechanical stimuli.2-3,7,16 The first evidence of the distinctive characteristics of these 

channels compared to other ion channels was discovered by Cosens et al. in the retina of a 

Drosophila melanogaster (fruit fly) mutant, where a TRP channel analogous to mammalian 

TRPC (canonical) channels was found.2-3,17-19 An abnormal electrophysiological response 

to light stimuli was detected in the photoreceptor cells of the mutant fruit fly and indicated 

the presence of a cellular receptor with a transient receptor potential.2-3,17 Less than thirty 

years after these observations, the amino acid profile of the first human TRP channel 

homologue (TRPC1, canonical member 1) was fully sequenced.16,20-21 The discovery of a 

new class of human cellular ion channels jumpstarted the research into the unique and 

physiologically significant TRP channels. 

The superfamily of TRP channels is divided into seven main subfamilies based upon their 

amino acid homologies: TRPC (canonical), TRPM (melastatin), TRPV (vanilloid), TRPML 

(mucolipin), TRPP (polycystin), TRPA (Ankyrin), and TRPN (no mechanoreceptor 

potential C, or NOMPC) which has not been detected in mammals.1-3,22 Each of these 

subfamilies has unique member channels, the TRPM subfamily is the largest with eight 

different channels (TRPM1-TRPM8) and the TRPA family is the smallest with currently 
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only one mammalian member channel (TRPA1).2,22 The TRP superfamily can also be 

categorized based upon their activating stimuli, such as the ten highly temperature-sensitive 

TRP channels from the TRPM, TRPV, TRPA, and TRPC subfamilies.23-24 This group, 

termed the “thermoTRPs” are activated by hot (>25 °C) and cold (<25 °C) temperature 

ranges, various natural and synthetic modulators, and they participate in mammalian 

nociceptive pathways.23,25-28 There are seven heat-activated thermoTRPs: TRPV1-4, 

TRPM2, TRPM4, and TRPM5; and three cold-activated thermoTRPs: TRPM8, TRPA1, 

and TRPC5.23-24 Of these, the TRPV1, TRPA1, and TRPM8 channels are the most well-

studied thermoTRPs, having high-resolution cryo-electron microscopy structures (TRPV129 

and TRPA130). Numerous channel modulators have been identified for these channels, and 

their pharmacological functions extensively explored. The focus of this thesis is the 

development of TRPM8 modulators. There is currently no high-resolution structure of 

TRPM8, and since past modulators of TRPM8 have been shown to also interact with 

TRPV1 and TRPA1, the TRPV1 and TRPA1 channels will also be discussed.25,31-32 

1.2 Architecture of TRPV1, TRPA1, and TRPM8 

Currently, no crystal structures exist for any member of the TRP superfamily but high-

resolution structures of TRPV129 and TRPA130 have been resolved using recent 

breakthroughs in cryo-electron microscopy (cryo-EM) techniques.33-34 The difficulty in 

imaging the structures of the TRP channels is caused by the absence of an adequate method 

for obtaining large amounts of the proteins, along with the conformational dynamic nature 

of the TRP channels and their diverse elements.16,29-30,34 The recent advances in single 

particle cryo-EM have circumvented these difficulties due to the microgram quantities that 

can be used instead of the milligram scale needed for crystallographic analysis, allowing for 
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near-atomic resolution (≤4.0 Å) images to be obtained.34 However, the three-dimensional 

(3D) structural images constructed using cryo-EM are a combination of various pictures of 

the electron density of the protein’s surface, which hampers the resolution and precision of 

the images compared to X-ray crystallography.23 Using a combination of the data acquired 

from the new high-resolution structural images of TRPV1 (3.4 Å) and TRPA1 (4 Å), from 

phylogenetic studies, transmembrane segment prediction, mutagenesis studies, and 

biochemical and optical information, unique TRP channel characteristics have been 

identified.29-30,35 Although TRP channels do not share their pharmacological and 

biophysical properties with voltage-gated ion channels (VGICs), they do have related 

structures.23,29 The general architecture of the TRP ion channels is most closely related to 

voltage-dependent K+ (Kv) and Ca2+ (Cav) ion channels (Figure 1). Each TRP channel 

consists of four α-subunits that have six transmembrane-spanning polypeptide domains (S1, 

S2, S3, S4, S5, S6) whose amino (N)- and carboxy (C)-terminals tetramerize to make up 

the cation-permeable pore, which is highly permeable to calcium in most cases (Figure 

1).3,10,12,16 The first structure in Figure 1A shows a general TRP α-subunit spanning the 

cellular membrane. There are four α-subunits which each contain six transmembrane-

spanning polypeptide domains (S1-S6) and a pore loop containing an α-helix between S5 

and S6. The S1-S6 regions are flanked by the N- and C-terminals of the protein. The 

second and third images in Figure 1A are the side and top views, respectively, of ribbon 

diagrams of the trans-membrane spanning tetramer formed by all four TRP α-subunits. 

Ribbon diagrams are 3D representations of the structure of proteins, and those in Figure 1A 

display the interactions of the six polypeptide domains of each of the four subunits (each 

subunit is differentially coloured).35-37 Figure 1B conveys a side view of a TRPV1 channel  
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Figure 1. A) Model of a monomeric TRP channel α-subunit. Side and top views of the 

tetramer. B) Cytoplasmic region of TRPV1, with Ankyrin repeats, TRP box, and A-

kinase anchor protein (AKAP5).35 Adapted from Prog. Mol. Biol. Transl. Sci., 131, 

Mickle, A. D., et al., Sensory TRP Channels: The Key Transducers of Nociception and 

Pain, 73-118, Copyright 2015, with permission from Elsevier. 

with features that are shared with some other TRPs. A common feature in TRP channels, 

and other mammalian protein channels, is the Ankyrin repeat domains (ARDs) at the N-

terminus (Figure 1B).2-3,16 Each individual Ankyrin repeat contains thirty-three amino 

acids, but the length and function of the ARD varies in each TRP channel.2-3,16,38 Another 

common feature is the presence of a “TRP box” within the “TRP domain” in the C-

terminus (Figure 1B).2,16 The TRP box contains five amino acid residues that are highly 

conserved amongst TRP channels.16,23 The currently available details of the structure and 

function of each of these regions in the TRPV1, TRPA1, and TRPM8 channels will be 

discussed. Many structural characteristics of TRPV1 and TRPA1 were uncovered by the 
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high-resolution cryo-EM structures, making apparent the shared and unique features of 

these channels with each other and with VGICs.  

1.2.1 Structural features and unique characteristics of TRPV1 

The ARD located within the cytoplasmic N-terminus of each subunit is a common motif in 

TRP channels, and has roles in channel assembly and binding with endogenous ligands 

(Figures 1B and 2). In TRPV1 the ARD forms an intracellular region that is involved in 

linking the channel with calmodulin, the protein that binds Ca2+.16,35,39 The cytosolic end of 

the TRPV1 channel is formed by interactions between an Ankyrin repeat of one subunit, 

the linker domain located between the ARD and pre-S1 helix, and the C-terminus of an 

adjacent subunit (Figure 2). A β-sheet formed by residues in the linker domain and C-

terminus is proposed to be involved in the overall subunit structure and assembly of TRPV 

member channels.29 The β-sheet is packed between the ARD, the pre-S1 helix, and the TRP 

domain; and contains two conserved residues that interact with the ARD.29 

 
Figure 2. TRPV1 α-subunit structure. Adapted by permission from Macmillan 

Publishers Ltd: Liao, M. et al. Nature 2013, 504, 107-112, copyright 2013. 

The most significant functional dissimilarities of TRP channels and VGICs is in their 

voltage-sensing domains and gating mechanisms. The first four transmembrane (S1-S4) 

domains in potassium VGICs (Kv) act as a voltage-sensor, and this same region was 

proposed to be the voltage-sensor for TRP channels, but the voltage-sensing domains of 

TRPV1 differ from that of other VGICs in both positioning and homology.23,29,35 In low-

resolution images, the S1-S4 domains in TRPV1 do not precisely overlap with Kv nor with 
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voltage-gated Na+ (Nav) channels, and a mutant TRPV1 channel containing the S1-S4 

domain of a Kv channel was non-functional.23 While the S1-S4 domains of TRPV1 and 

VGICs similarly connect to the pore region (S5-P-S6) via the S4-S5 linker, in the strongly 

voltage-activated VGICs, interactions between charged side-chains within S1-S4 facilitate 

channel gating in response to changes in membrane potential (Figure 2 and 3).23,29 TRPV1 

has hydrophobic tyrosine side chains in the S1-S4 region that result in a more rigid voltage-

sensing domain that remains stationary during channel activation, suggesting that the gating 

mechanism of TRPV1 does not directly rely on S1-S4 as in VGICs.16,29,35  

 
Figure 3. Four-fold symmetry of TRPV1 indicated by ribbon diagrams with each of 

the four identical α-subunits colour-coded. A) & B) Side views of TRPV1, showing the 

width of the transmembrane region (30 Å), and the total width (100 Å) and length 

(110 Å) of the channel. C) Side view focusing on the transmembrane region, showing 

the S5-P-S6 region and TRP domains. D) Bottom view focusing on the pore and the 

sensing domains (S1-S4). Reprinted by permission from Macmillan Publishers Ltd: 

Liao, M. et al. Nature 2013, 504, 107-112, copyright 2013. 
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It has been suggested that the rigid S1-S4 domain in TRPV1 is an anchor upon which the 

S4-S5 linker moves to facilitate channel gating through its complex interactions with the 

pore domain.29,35 The S4-S5 linker of each subunit has trans-subunit functional coupling 

and covalent subunit functional coupling interactions; with the S5 helix in the pore domain 

of an adjacent subunit and with the S5-P-S6 region of the same subunit, respectively.29 

These interactions and the direct connection of S1-S4 to the S4-S5 linker domain reveal a 

more complex mechanism for channel-gating than that of the voltage-sensing domain in 

VGICs (Figure 2).16,29,40 Additionally, the static nature of the S1-S4 region allows for the 

binding of lipophilic ligands such as the TRPV1 agonists capsaicin (1) and resiniferatoxin 

(2), indicating that the S1-S4 region plays an important role in ligand binding (Figure 

4).10,35,40 In an article closely following Liao et al.’s publication of the cryo-EM structure of 

TRPV1, the same group of researchers employed 3D imaging techniques to visualize the 

activation of TRPV1 mediated by 1 and 2.40 Their images demonstrate that ligand-binding 

to residues in the S1-S4 region impinges on the S4-S5 linker and the S6 domain, causing 

conformational changes of the pore domain.40 This subsequently affects TRPV1’s 

allosterically coupled ion selectivity filter and lower gate of the pore region, allowing for  

 

Figure 4. Structures of TRPV1 channel modulators: two known natural product 

agonists 1 & 2, and a synthetic antagonist 3. 
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channel activation by the bound agonists.40 

The TRP domain is a shared structural feature of TRP channels from the TRPV, TRPC, and 

TRPM subfamilies and is a disputed feature of TRPA1.23,30  It is a 23-26 amino acid 

sequence located after S6 in the C-terminal of each subunit and it runs parallel to the inner 

cell membrane. The TRP domain contains a conserved sequence with positively charged 

amino acids referred to as the “TRP box”, which has been suggested to play a role in 

channel ligand-sensing.23,35 In TRPV1, the middle of the TRP domain associates with the 

beginning of the S4-S5 linker via hydrogen-bonding interactions, and charged side chains 

on the cytosolic side of the TRP domain interact with the pre-S1 helix via hydrogen-

bonding and salt bridging.29,40 As the S4-S5 linker has been implicated in the gating of 

TRPV1 and the S1-S4 region is the sensing domain, the TRP domain has been proposed to 

affect the pore conformation in response to voltage and other stimuli via its allosteric 

coupling between channel domains.23,29,40  

The pore and ion channel of TRPV1 also has unique characteristics. When compared to the 

pore of Kv channels, TRPV1’s pore is wide-open with a broad, funnel-like structure and 

short selectivity filter similar to bacterial voltage-gated sodium channels (Nav).
29 The 

funnel shape of TRPV1’s ion pathway allows it to be accessible to large and small 

pharmacophores, such as spider toxins which bind in the upper portion of the pore loop, 

near S5 and S6.10,23,29,40 TRPV1’s pore has two restriction points that make up its selectivity 

filter, with an upper restriction point found by Liao et al. to be 4.6 Å in diameter and a 

lower restriction point of 5.3 Å.29 The top restriction point in TRPV1 is formed by opposed 

carbonyl oxygens of glycine residues (G643), and the lower restriction is a hydrophobic 

seal formed by conserved isoleucine residues from the S6 helices of all four subunits (I679, 
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Figure 5).29 All TRPV subtypes contain isoleucine residues in equivalent positions, but the 

unique architecture of each channel’s upper pore lends itself to the varying cation 

selectivity of these channels, with the TRPV5 and TRPV6 channels up to thirty times more 

selective towards Ca2+ than TRPV1-4.3,16,29,35  

 
Figure 5. A. The solvent-accessible pathway along TRPV1’s pore. B. Cross-section of 

TRPV1’s selectivity filter, containing glycine residues (G643) 4.6 Å apart. C. Cross-

section of TRPV1’s lower gate, containing isoleucine residues (I679) 5.3 Å apart. 

Adapted by permission from Macmillan Publishers Ltd: Liao, M. et al. Nature 2013, 

504, 107-112, copyright 2013. 

Previous molecular modeling studies of TRPV1 had predicted a diameter of 6 Å for the 

upper restriction point, which led Liao et al. to propose that the channel was in its non-ion 

conducting state when the cryo-EM images were collected.29,40 In a study imaging the 

TRPV1 channel in various activation states, it was shown that the diameter of the 

selectivity filter increases when the channel is activated.40 This is in contrast to analogous 

Nav channels, where hydrogen-bonding interactions within the pore channel maintain their 

rigidity and high selectivity.29 The observed flexibility of the ion permeation pathway of 

TRPV1 supports the suggested TRP channel phenomenon of “pore dilation” in which the 

channel becomes permeable to larger organic cations upon prolonged or repetitive 

activation.35,40 The width and flexibility of TRPV1’s outer pore provides an additional 

A B C
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explanation for its activation by pharmacophores of varying sizes, as demonstrated by the 

structures of the TRPV1 modulators capsaicin (1), resiniferatoxin (2), and capsazepine (3, 

Figure 4).16,29 

1.2.2 Structural features and unique characteristics of TRPA1 

The pharmacological function of TRPA1 is less well-studied than the other thermoTRPs 

TRPV1 and TRPM8, with its characteristic of being cold-activated still disputed; however, 

a recent high resolution cryo-EM structure published by Paulsen et al. revealed several of 

TRPA1’s features.4,30,35,41-42 The Paulsen group succeeded in resolving the structure of 

about 50% of TRPA1’s transmembrane channel, and identified the majority of the core and 

cytoplasmic regions involved in assembly of the subunits and detection of electrophile 

agonists.30 The general channel architecture resembles that of TRPV1: a homotetramer with 

four α-subunits made up of six transmembrane polypeptides and a re-entrant pore loop 

between the fifth and sixth α-helices (S5 and S6, Figure 6).10,30 The most evident unique 

feature of TRPA1 is the presence of large intracellular N- and C-terminal domains, 

containing an extensive ARD and a unique “coiled-coil” structure, respectively; and 

together these structures are responsible for 80% of the channel’s mass (Figures 6 and 

7).30,35  

 
Figure 6. TRPA1 α-subunit structure. Adapted by permission from Macmillan 

Publishers Ltd: Paulsen, C. E. et al.. Nature 2015, 520, 511-7, copyright 2015. 

The exact function and structure of the extensive ARD, containing as many as eighteen 

Ankyrin repeats compared to the maximum of six in TRPV and TRPC channels, is not well 
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resolved.35 The interactions of five Ankyrin repeats were well-defined in TRPA1’s cryo-

EM structure, and eleven other repeats are predicted to facilitate inter-subunit interactions 

and involve the ARD in the overall channel assembly.30 Chimeric and mutagenesis studies 

of a non-mammalian TRPA1 channel implicated the ARD in transducing responses to 

chemical or thermal stimuli to the pore through a network of packed hydrophobic or polar 

interactions.30 These studies also revealed that the ARD interacts with the coiled-coil 

structure of the C-terminal, contributing to the assembly of the channel (Figure 7).30 

 
Figure 7. A) Side view of ribbon diagram of rat TRPV1. B) Side, top, and bottom 

views of ribbon diagram of TRPA1 residues resolved by Paulsen, et al. Adapted by 

permission from Macmillan Publishers Ltd: Paulsen, C. E. et al. Nature 2015, 520, 

511-7, copyright 2015. 

Although the S1-S4 region of TRPA1 was not clearly resolved in Paulsen et al.’s cryo-EM 

structure; residues and interactions within the region that connects the ARD to S1 were 

sequenced.30 It was determined that the pre-S1 region contains key solvent-accessible and 

chemically reactive cysteine and lysine residues that are targeted by electrophilic TRPA1 

agonists, such as allyl isothiocyanate (AITC, 4) (Figure 8).30,35 These residues are thought 

to activate the channel through covalent modification of residues in the cytosolic N-

terminus, but their exact conformation and mechanistic connection to channel gating have 

not been determined.30 The potent synthetic TRPA1 antagonist, A-967079 (5) interacts with 
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the S5, S6, and first pore-helix domains (Figure 8).30 Paulsen et al. found that 5 interacts 

with a phenylalanine residue in the first pore-helix via π-π stacking interactions, and via H-

bonding with serine and threonine residues in S5.30 

 
Figure 8. Structures of known TRPA1 modulators: a natural product agonist (4) and 

a potent synthetic antagonist (5). 

A significant TRPA1 channel feature revealed by the cryo-EM structure was the 

identification of a “TRP-like” domain located after S6, which was not predicted since 

TRPA1 lacks the TRP box amino acid sequence.30,35 The TRP-like domain is located 

further down the inner membrane than the TRP domain of TRPV1, and it interacts with the 

pre-S1 helix and the S4-S5 linker via hydrophobic residues instead of polar residues as in 

TRPV1.30 The domain coupling facilitated by TRPA1’s TRP-like domain creates a network 

for the transduction of signals induced by the binding of chemical agonists. The modulators 

are detected by electrophile-sensitive cysteine and lysine residues in the pre-S1 domain, 

which interacts with the proximal TRP-like domain, and subsequently to the S4-S5 linker 

that connects to the channel’s pore domain.4,30,35 These cross-domain interactions provide 

the foundation of TRPA1’s ability as a sensitive, low threshold electrophile receptor.30,43  

The coiled-coil structure located at the C-terminus of TRPA1 is also a unique channel 

feature.30 It is a tetrameric structure containing α-helices whose hydrophobic or aromatic 

side chains extensively interact with all four subunits (Figure 7).30 This differs from the 

ARD-facilitated mechanism of subunit interaction and channel assembly in TRPV1, where 
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Ankyrin repeats from one subunit interact with the linker domain of an adjacent 

subunit.29,40 Thus, the assembly of the four transmembrane-spanning polypeptide subunits 

are facilitated by different mechanisms in the TRPV1 and TRPA1 channels.29-30,40  

The ion-permeation pathway of TRPA1 has several distinct structural features. TRPA1 has 

two outer pore helices whereas TRPV1 has one outer pore helix, and the outer pore of 

TRPA1 is not as wide as that of TRPV1.30 The upper gate of the TRPV1 channel is formed 

by two distinct glycine and methionine residues that form a diameter of 7.6 Å when the 

channel is activated, while TRPA1 has aspartic acid residues responsible for the upper 

restriction point (Figure 5).29-30 Similarly, the lower gate in TRPV1 is formed by single 

isoleucine residues from S6 domains, but in TRPA1 both isoleucine and valine residues 

form the constricted hydrophobic seal.29-30 Paulsen et al. suggested that the pore 

conformation of TRPA1 in their cryo-EM structure conveyed the channel in a partially 

open intermediate state or that the upper gate is unregulated. The diameter measured for 

TRPA1’s upper gate (7.0 Å) was wide enough to allow partially dehydrated Ca2+ ions (>6.0 

Å) to pass through, but narrower than that of an open TRPV1 channel (7.6 Å).30 It was also 

found that the diameter of TRPA1’s lower gate (6.0 Å) was narrow enough to block 

rehydrated Ca2+ ions.30 Based on these observations, it was proposed that the role of the 

TRPA1’s second pore helix is to induce scaffolding around the outer pore and enable 

regulation of the gate.30 

1.2.3 Structural features and unique characteristics of TRPM8 

Although there is no high resolution structure of the TRPM8 channel, mutagenesis 

experiments,42,44-47 electrophysiology,27,48-50 molecular modeling studies,51-52 and 

comparison to TRPV1’s structure and function23,28,31,51 have uncovered several structural 
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features of the TRPM8 channel.16 It has the same general architecture as TRPV1 and 

TRPA1, but the domains responsible for the overall channel assembly are not yet fully 

characterized for TRPM8.7,35,52 Even without the knowledge of each subunit’s interactions 

in TRPM8, it was found that individual segments of the transmembrane-spanning domains 

play unique roles in the function and structure of the channel: the S1-S4 region acts as a 

sensing domain, S5 and S6 encircle the pore domain, S4 and the S4-S5 linker are connected 

to voltage-sensing, and the S6 helix facilitates cation selectivity in the pore (Figure 9).7,51-52 

Additionally, TRPM8’s N-terminus has regions important for the channel’s responses to 

stimuli and for maintaining channel function and assembly; and the C-terminal region 

contains the TRP domain and the coiled-coil region which are required for channel gating 

and assembly.7,16,53  

 
Figure 9. A) Pictogram of the side view of a TRPM8 α-subunit spanning the cell 

membrane, with labeled transmembrane domains. Adapted by permission from Perez 

de Vega, M. J., et al. J. Med. Chem. 2016. Copyright 2016 American Chemical Society. 

Ribbon diagrams of TRPM8’s transmembrane region viewed from the top (B) and 

side (C), with extracellular (EC) and intracellular (IC) sides labelled and α-subunits 

colour-coded. Adapted by permission from Biophysical Journal, 109, Bidaux, G. et al., 

Functional and Modeling Studies of the Transmembrane Region of the TRPM8 

Channel, 1840-51, Copyright 2015, with permission from Biophysical Society. 

As in TRPV1 and TRPA1, the S1-S4 region in TRPM8 is involved in sensing external 

stimuli that activate the channel, including chemical modulators and temperature (Figure 

9).7,16,52,54 The mechanism for TRPM8 activation lies in the complex interactions of the S1-
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S4 domains, which contain agonist binding sites and induce conformational changes of the 

pore domain upon ligand binding.52 Each S1-S4 domain is positioned around the central 

channel pore and interacts via trans-subunit coupling with the S5-P-S6 region of an 

adjacent subunit. Tyrosine and arginine residues in the S2 and S4 domains respectively, 

play a crucial role in the activation of the channel by agonists, antagonists, voltage, and 

temperature.7,35 TRPM8 has multiple binding sites, since other known TRPM8 agonists and 

antagonists do not interact with these specific residues.8,16,42 For example, the known 

TRPM8 agonist icilin (6) interacts with the S2-S3 linker, not with the tyrosine and arginine 

residues in S2 and S4, respectively, which are responsible for channel activation by 

menthol (7) and cold (Figure 10).7,16,55-56 The S2-S3 linker runs parallel along the cell 

membrane, and the equivalent region has been identified in other TRP channels as a 

binding site for chemical agonists.23,51 Due to the positioning and association of S1-S4 with 

TRPM8’s pore region, ligand binding in TRPM8 is suggested to produce conformational 

changes in the S1-S4 domain that influence channel gating.7,52 This is analogous to TRPV1 

and TRPA1, where the network formed by intricate allosteric coupling between channel 

domains allows various binding and sensing sites to impact channel gating. 

 
Figure 10. Structures of the potent synthetic TRPM8 agonist icilin (6) and the natural 

product TRPM8 agonist menthol (7). 
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Like TRPV1 and TRPA1, TRPM8’s TRP domain is located along the inner membrane and 

is involved in subunit interactions and channel gating.16,51 The interactions between the 

TRP domain, the S4-S5 linker, and segments of the S6-TRP box linker facilitate voltage- 

and agonist-dependent channel gating.39,51 The TRPM8 molecular model developed by 

Bidaux et al. shows an additional interaction of the TRP domain with the S1 region of the 

sensing domain; signifying its role in the allosteric coupling of channel domains.51 Each of 

these interactions between TRPM8’s TRP domain and the regions involved in ligand 

binding makes the TRP domain a pharmacologically-relevant target, since it is 

allosterically involved in channel gating.7,51,57  

The pore-helix of TRPM8, a short α-helix between S5 and S6, plays a role in channel 

activation.4,58 This is comparable to other TRP channels, such as the pore helices of 

TRPV1-TRPV3 which are involved in channel gating. In TRPV1, a threonine residue in the 

pore-helix is crucial for channel activation by the agonists capsaicin (1) and resiniferatoxin 

(2, Figure 4).40,51 In TRPM8, a tyrosine residue in the pore helix is critical for channel 

activation by cold and 7, but the same residue is not involved in channel activation by 6.51 

This can be explained by the complex link between the pore-helix, the extracellular loop 

that connects the selectivity filter (SF), S6, and the C-terminus, which are proposed to 

undergo conformational shifts upon channel activation.7,51 It was proposed that 7 either 

interacts directly with the pore-helix or binds to the S1-S2 regions of the sensing domain, 

causing a large conformational shift of several domains which leads to the rotation of the 

pore-helix.51-52 Similarly, a cold-induced conformational shift of the C-terminus, pore-

helix, and SF-S6 loop is proposed to influence channel gating.51 The domains responsible 

for icilin-induced activation of TRPM8 are proposed to be restricted to the S2-S3 region of 
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the channel’s sensing domain, rather than the pore helix.7-8,51 In order to fully elucidate the 

mechanism for the binding and activation of TRPM8 by 6 and 7, it has been suggested that 

a high-resolution structure of TRPM8 in the presence and absence of these agonists is 

necessary.52 

The cation permeation pathway of TRPM8 is formed by the SF loops located between the 

pore-helix and S6 and the S5-P-S6 helices from each of the four subunits, which arrange 

with four-fold symmetry around the central axis of the channel.51-52 There are two 

restriction points in the TRPM8 pore as with TRPV1 and TRPA1, indicating a conserved 

TRP dual-gating mechanism.51,59 The TRPM8 SF has two aspartic acid rings; the 

uppermost ring is a conserved feature and is essential for chelating ions whereas the lower 

ring facilitates the interaction (Figure 11).7,51 The upper and lower aspartic acid rings serve 

different functions as a result of their conformations upon channel gating. In TRPM8’s 

closed conformation, the aspartic acid side chains align perpendicular to the channel pore 

and form hydrogen bonding interactions with adjacent valine residues, which locks the SF  

 
Figure 11. The aspartic acid residues of TRPM8’s ion permeation pathway. A. The 

aspartic acid (green) residues interacting via hydrogen bonding with adjacent valine 

(yellow) residues in the closed conformation. B. The open conformation of TRPM8’s 

selectivity filter. Adapted by permission from Biophysical Journal, 109, Bidaux, G. et 

al., Functional and Modeling Studies of the Transmembrane Region of the TRPM8 

Channel, 1840-1851, Copyright 2015, with permission from Biophysical Society. 

A B
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in a constricted state (Figure 11A).51 Upon channel activation, conformational changes 

cause the pore helix to tilt away from the centre of the ion pathway (Figure 11B). The side 

chains of the lower aspartic acid ring rearrange to point away from the central pore, and the 

side chains of the upper ring reorient to point into the pore and become available for 

chelating ions (Figure 11B).51 Although the overall negative charge of the upper ring of 

aspartic acid residues is insufficient to select strictly divalent cations, as indicated by the 

low ion selectivity of TRPM8 (PCa
2+/PNa

+ = 1-3); mutagenesis studies indicate that both ring 

regions play a significant role in facilitating ion conduction through the TRPM8 ion 

permeation pathway.3,51  

Although they share roles as temperature-sensitive ion channels in mammalian 

somatosensory systems, TRPV1, TRPA1, and TRPM8 have distinct features that govern 

channel assembly, gating, and physiological function (Tables 1 and 2). Knowledge of these 

individual channel features is crucial for the development of chemical modulators that 

specifically target the domains involved in ligand binding (Tables 2). Several known 

structural and functional properties of the TRPV1, TRPA1, and TRPM8 channels are 

displayed in Table 1. The structural intimacies as discussed for each channel allows for 

their unique activating temperatures, ion selectivity, pore size, and sensing domains (SDs, 

Table 1). The features highlighted in the final column of Table 1 are those that are distinct 

in comparison to TRPV1, which is the most well-resolved TRP channel. The unique 

structural features, homologies, and SDs of each channel account for their different binding 

sites and chemical modulators, as demonstrated in Table 2. 
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Table 1. Known properties of the thermoTRPs TRPV1, TRPA1, and TRPM8. 

TRPxx T (°C) PCa
2+/PNa

+ PMg
2+/PNa

+ SF (Å) LG (Å) SD Distinct features 

vs TRPV1 

V1 >43 10 5 4.6, 7.6a 5.3, 9.3,a 7.6b S1-S4 TRP domain 

A1 <17 1.4 ~1.4 7.0c 6.0c Pre-S1, pore 

domain 

Extensive ARD, 

coiled-coil, TRP-like 

domain 

M8 8-28 1-3 -- -- -- S1-S4, pore 

domain 

No ARD, coiled-coil, 

SF charge insufficient 

for cation selectivity 

SF = selectivity filter, LG = lower gate, SD = sensing domain. a. Diameter when agonist 2 is bound. b. 

Diameter when agonist 1 is bound. c. Diameters measured for the pore of TRPA1’s cryo-EM structure, which 

was thought to be in an intermediate conformation.30 

 

Table 2. Known locations of binding sites and specific amino acid residues involved in 

the interaction with TRPV1, TRPA1, and TRPM8 modulators. 

TRPxx Agonist Binding sites (amino 

acid residues) 

Agonist Binding sites (amino acid 

residues) 

Antagonist 

V1 Capsaicin 

(1) 

S3 (Tyr511, Ser512), S4 

(Met547, Thr550) 
Resinifer-

atoxin (2) 

Vanilloid-binding pocketa  Capsazepine  

(3) 

A1 AITC (4) Pre-S1 (Cys621, 641, 

665, Lys710), pore 

domain (Cys, Ser,  Ile) 

-- -- A-967079 (5) 

(S5, S6 & P-helix) 

M8 Icilin (6) S2-S3 linker, S2 

(Tyr745), S3, pore 

Menthol 

(7) 

S2 (Tyr745)b, S4 (Arg842)b, 

pore-helix (Tyr908)c 

1, lipophilic 

ligands 

a. Above Glu570 in S4-S5 linker, proximal to Leu669 in a neighboring S6.40 b. These residues are not integral 

to menthol affinity, but allosterically interact during menthol binding.52 c. This residue was found to be 

crucial for channel activation by menthol and cold, but not icilin.51 

 

The production of a high-resolution cryo-EM structure of the TRPM8 channel and high-

resolution crystal structures of TRPV1, TRPA1, and TRPM8 would be a significant step 

towards developing a complete understanding of the binding mechanisms of known 

channel modulators. Studies of the impact of various stimuli on channel activation and 

structure-activity relationships (SARs) of natural product analogues for TRPV1, TRPA1, 

and TRPM8 have also proved to be valuable tools for analyzing these channels. An 

awareness of the known features of each channel, such as the distinct binding sites for the 

TRPM8 agonists icilin (6) and menthol (7), is crucial for the development of selective 

ligands that take advantage of each channel’s physiological role to elicit specific 

therapeutic effects. 
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1.3 Stimuli-mediated activation of TRP channels 

In addition to the general activation methods previously discussed of TRP channels, the 

TRPC, TRPV, TRPM, and TRPA subfamilies have member channels that are sensitive to 

thermic stimuli. The TRPC subfamily member 5 (TRPC5) is activated by warm 

temperatures (25-37°C).23-24,47 The TRPV subfamily has four channels that are activated by 

temperatures ranging from warm to noxious heat: TRPV4 (25-28°C), TRPV3 (34-38°C), 

TRPV1 (>43°C), TRPV2 (>52°C).2-3,8,28,47 The TRPM subfamily also has four temperature-

sensitive channels, TRPM2 (35-45°C), TRPM3 (25-40°C), TRPM4 (15-35°C), TRPM5 

(13-35°C), TRPM8 (8-34°C).39,47 The TRPA1 channel is activated by temperatures below 

17°C, but its exact temperature sensitivity is disputed.2,8,28,60 The range of activating 

temperatures of the thermosensitive TRP channels (thermoTRPs) nearly represents the 

complete temperature range that mammals are capable of sensing and indicates the 

importance of these ion channels for physiological function.28 The determinant for the 

thermo-sensitivity of these channels is proposed to be the gating activation energy of the 

channel, such that channels with a lower activation energy for opening than for closing are 

cold sensitive and those with a higher activation energy for opening are heat sensitive.2,22,28 

Given the complexity of TRP channels as uncovered by the cryo-EM structures of TRPV1 

and TRPA1, including the networks of inter-subunit interactions and their unique sensing 

domains; the temperature-dependent gating-mechanisms of thermoTRPs have not been 

documented.7 There are three possibilities that have been proposed in the literature: 

changes in temperature cause the production and binding of endogenous ligands that 

activate the channels; temperature-dependent structural rearrangements of the channel 
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protein lead to channel opening; or the channels are sensitive to temperature-dependent 

cellular membrane tension changes.10,28,59  

Although there is a need for further exploration into the mechanism of temperature-induced 

activation of the thermoTRP channels, research into the voltage-dependent activation of the 

TRPV1 and TRPM8 channels has revealed important characteristics of these 

channels.22,28,61 The activation of TRP channels was thought to be independent of voltage, 

since early electrophysiology experiments of TRP channels utilized currents applied at 

constant holding potentials or voltage ramps.22 The use of voltage step protocols resulted in 

the conclusion that the gating of TRP channels is weakly voltage-dependent and this 

interaction is crucial to the response of TRP channels to other stimuli.3,22,26,35,62-63  Upon 

analysis of the impact of voltage on the TRPV1 channel, it was determined that voltage-

dependent channel gating is itself dependent on the temperature, the type and concentration 

of modulators present, and the phosphorylation state of the channel.22,35,64-65 It was found 

that application of these external stimuli to the TRP channels led to a shift in the voltage 

potential required for channel activation. This was evidenced by electrophysiology 

experiments on TRPV1 and TRPM8 channels that used a voltage step programme to 

measure the effects of temperature and channel agonists on the probability of each channel 

being activated (Figure 12).22,28 For the cold-activated TRPM8, Voets et al. found that the 

probability of the channel being open increased for lower applied voltages when the 

temperature was reduced from 37 °C to 15 °C and upon application of 30 µM of the 

TRPM8 agonist menthol (7) at 34 °C (Figure 12A and B).22,28 This shift in the voltage- 

dependent activation curve was also seen with TRPV1 (Figure 12C and D), TRPV3, and 

TRPM3-5.22,48,65-67 Since the voltage-dependence of each TRP channel shifted from 
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physiologically uninteresting voltages to functionally relevant ones in response to certain 

channel stimuli; the discovery of this phenomenon is essential for understanding the gating 

versatility of the TRP channels and the role of channel modulators.10  

34 ºC
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34 ºC, 30 µM

24 ºC, 30 µM

0 nM

1 nM

10 nM

100 nM

1 µM

A) B)

D)C)

 

Figure 12. The shift in the probabilities of TRPM8 and TRPV1 channels being open 

(Popen) in response to a voltage step program (-120 to 200 mV). Steady-state activation 

curves of TRPM8 at different temperatures (A) and different temperatures and 

applications of menthol (B). Steady-state activation curves of TRPV1 at different 

temperatures (C) and different concentrations of capsaicin at 24 °C (D). Adapted by 

permission from Macmillan Publishers Ltd: Nature (Voets, T., et al. 2004, 430, 748-

54.), copyright 2004. 

1.4 Chemical modulation of TRP channels 

The TRP superfamily contains twenty-eight mammalian ion channels that have been 

identified as cellular receptors for a range of sensory input including pain, vision, olfaction, 
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taste, and touch.2,5,16,51,68 The response of these channels to such stimuli are integral to 

nociception and normal physiological function, since fluctuations in activity or mutations 

of TRP proteins have been implicated in syndromes from asthma to certain cancers.4,7 The 

thermoTRPs TRPM8, TRPV1, and TRPA1 are noteworthy pharmacological targets due to 

the variety of stimuli that activate them and the physiological responses to their 

modulation. The known modulators of these three channels and the therapeutic benefits of 

modulating them, with a focus on TRPM8, will be discussed.  

Structure-activity relationship (SAR) studies of these TRP channels and their natural and 

synthetic ligands have uncovered numerous potent and selective channel modulators, but 

those that are nonselective towards TRPV1, TRPA1, and TRPM8 are much more 

common.69 Interestingly, TRP channels have been shown to be co-dependent, co-expressed, 

and in the case of TRPM8 and TRPA1 in cold-induced pain and asthma, involved in the 

same pathological disorders.3,16,32 Nonselective channel modulators of TRPV1, TRPA1, 

and TRPM8 could be a source of multifunctional therapies in treating a range of 

syndromes.32 

1.4.1 Physiological functions of TRPV1, TRPA1, and TRPM8 

The TRPV1 channel was the first member of the thermoTRP subfamily to be discovered 

and is the most well-characterized mammalian TRP channel.2,4 TRPV1 is activated by heat 

(>43 °C), acidic pH, is the natural vanilloid receptor, and has a 10-fold selectivity for 

calcium over sodium (PCa
2+/PNa

+ = 10).3,5,23 The TRPV1 channel is predominantly 

expressed in nociceptive neurons, particularly the dorsal root ganglion (DRG) neurons in 

the spine, as well as in the trigeminal and nodose ganglia of the temporal bone and first 

cervical vertebrae, respectively.2,5 TRPV1 has also been found in lower levels in several 
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brain structures, and evidence of its presence in the ear, urinary tract, bladder, cardiac 

muscle, and white blood cells make it a viable drug target.5 The main roles of TRPV1 are 

heat sensation and the processing of pain related to inflammation and high temperature, but 

it has also been suggested as a mediator of over-reactive bladder and inflammatory bowel 

disease.3,5 

The sole member of the TRPA family, TRPA1, is cold-activated (<17 °C), responds to 

irritating chemicals such as AITC (4), and is not highly selective for divalent cations 

(PCa
2+/PNa

+ = 1.4).3-4 TRPA1 agonists are generally strong electrophiles that interact with 

lysine and cysteine residues in various channel domains.4,30,68,70 TRPA1 has been 

implicated in neuropathic pain syndromes, neurogenic inflammation, respiratory conditions 

such as asthma, and chronic itch syndromes.2,4,71 Numerous agonists and antagonists, 

including those selective for TRPA1 have been developed, but their binding sites and 

activation mechanisms are not well-defined.25,30,70,72  

The TRPM8 channel is the primary cold sensor for mammals, as it is expressed in about 

15% of all somatosensory neurons.7,35,42,49 TRPM8 is activated by cold to noxious cold 

temperatures (8-28 °C), is the natural receptor for menthol (7), and has low selectivity for 

divalent cations (PCa
2+/PNa

+ = 1-3).3,7-8 Due to its prevalence in nociceptive pathways, a 

variety of cancer tumours, and several other human tissues, as well as its association with 

cold hypersensitivity and cold-mediated analgesia; TRPM8 has emerged as an important 

target for drug development.42,45,73-74 TRPM8 is activated by a variety of natural products 

and synthetic ligands, a number of which are discussed below, and comprehensive reviews 

of TRPM8 modulators have recently been made available.7-8,39,54,75-76  
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1.4.2 Natural product modulators of TRPM8, TRPV1, and TRPA1 

In addition to the natural ligands of TRPM8 (menthol), TRPV1 (vanilloid), and TRPA1 

(AITC), a plethora of natural products and natural product-derived compounds have been 

identified as potent modulators of these channels.69 As a result of the increasing interest in 

accessing the druggability of thermoTRPs, there have been recent reviews on selective 

natural modulators of these channels, but multifunctional natural and synthetic channel 

modulators have been mostly ignored.5,8,39,68-69,75-79  This can be attributed to the need for 

drugs that precisely target the desired receptors in order to achieve particular 

pharmacological functions and reduce unwanted side effects. However, nonselective TRP 

channel modulators provide useful information regarding the structural features required for 

specific channel activation and the physiological impacts of targeting multiple TRP 

channels that have complementary biological effects. 

1.4.2.1 Terpenes 

It was just over a decade ago that TRPM8 was determined to be the cellular receptor for 

menthol (7, Figure 13). Since then other terpene natural products have also been discovered 

as effective modulators of TRP channels (Figure 13).80-81 (–)-Menthol is the major natural 

stereoisomer present in the leaves of plants from the Mentha genus, and it is the compound 

responsible for the cooling sensation and pain relief associated with oils derived from these 

plants.70,81 The ability of 7 to agonize TRPM8 is temperature-dependent, with no affect at 

high temperatures (40 °C), supporting the previously discussed interconnectivity of 

sensory, ligand-binding, and gating domains within the TRPM8 channel.42,76,80,82 Menthol 

(7) acts as a bimodal activator of mouse TRPA1 (mTRPA1), but only acts as an agonist of 

human TRPA1 (hTRPA1).70,76,81 Although this is not the case for all ligands of TRP 
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channels, the inter-species differences add even more complexity to the study of TRP 

channels.83 7 also activates TRPV3 channels, but at a much lower potency than TRPM8, as 

with TRPA1.50,76,81 

 

Figure 13. Structures of terpene-based TRP modulators. a. TRPA1 IC50 measured vs 

100 µM mustard oil.84 b. Percent inhibition of TRPM8 Ca2+ currents evoked by 0.25 

µM icilin by application of 200 µM of 14 or 15.85 Note: hTRP = human TRP DNA; 

mTRP = mouse TRP DNA; rTRP = rat TRP DNA; if not indicated then DNA 

information was unavailable. 

Camphor (8) is a bicyclic natural product found in the trees and plants of the laurel family, 

and it is commonly used as a reagent in topical analgesics. Although camphor is a 
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nonselective activator of TRP channels that is often studied for its activation of the TRPV3 

channel, it is also an agonist of TRPM8 and an antagonist of TRPA1.56,76,86-88 The analgesic 

effects of camphor are attributed to its ability to more efficiently desensitize mammalian 

TRPV1 than capsaicin, and to its inhibition of TRPA1.76,88 Umbellulone (9) is also from a 

tree species of the laurel family, Umbellularia californica, which is known as the 

“headache tree”.76,89 The bicyclic conjugated ketone is a bimodal activator of TRPA1, but 

inhibition was proposed to be due to 9 directly blocking the channel pore, and is linked to 

the headache-causing nociceptive activity of the scent of the headache tree’s leaves.76,84,89 

An interesting feature of assessing the impact of natural products on TRP channel activity 

is determining the differing effects of isomers.83,90 Thymol (10) and carvacrol (11) are 

isomeric natural products from plants of the Thymus and Origanum genera, respectively 

(Figure 13).86 These constitutional isomers have been associated with the pungent flavours 

of thyme and oregano, an effect that has been linked to their ability to agonize TRPA1 

channels.83 The isomers 10 and 11 activate TRPA1 at concentrations significantly different 

from each other, both activate TRPV3, but only thymol is known to activate TRPM8.76,86-

87,91 Eucalyptol or 1,8-cineole (12), is a bicyclic natural compound isolated from the oils of 

Eucalyptus species, and has various reported medicinal roles including anti-inflammation 

and analgesia, in the treatment of muscular pain and the respiratory symptoms associated 

with asthma and smoking.76,92-94 Eucalyptol (12) is an agonist of TRPM8, although at 

significantly less potent concentrations than menthol (EC50 7700 µM (mTRPM8) for 12 vs 

84 µM (hTRPM8) for 7), and an antagonist of TRPA1.75,95 The closely related regioisomer 

of 12, 1,4-cineole (13), has opposite activity on TRPA1.76,83 The bimodal effects of these 
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isomeric compounds on the TRPA1 channel is an important tool for analyzing the 

structure-activity relationships of the channel and its modulators. 

The potent TRPA1 agonists, perillaldehyde (14) and perillaketone (15) from Perilla 

frutescens, have been suggested as anti-nociceptive agents due to their ability to rapidly 

desensitize TRPA1 channels and antagonize TRPM8 channels (Figure 13).85 The multi-

cyclic terpenes isovelleral (16), isolated from the fungus Lactarius vellereus, and 

polygodial (17), from peppers of the Winteraceae family are agonists of TRPV1 and 

TRPA1.5,76,85 Exposure to 16 and 17 causes pungent sensations and neurogenic 

inflammation resulting from their ability to potently stimulate both TRPV1 and TRPA1, 

which are expressed in primary sensory neurons.5,72,76 Numerous other terpene-based 

natural products have acted as TRP channel modulators, such as the cannabinoids discussed 

below, and they have provided templates for the development of potent TRP channel 

modulators (Section 1.4.3). 

1.4.2.2 Cannabinoids 

De Petrocellis et al. conducted a thorough review on the interactions of several natural 

cannabinoid compounds and their derivatives on TRPM8, TRPV1, TRPV2, and TRPA1 

(Figure 14).96 Their overview led to unique conclusions about the roles of cannabinoids as 

TRP channel modulators. Various structural features were identified as significant for the 

activity of cannabinoids: the less strained cannabidiol (CBD, 18) and cannabigerol (CBG, 

19) were found to be potent modulators of TRPM8 and TRPV1, and the more strained, 

tricylic compounds tetrahydrocannabinoid (THC, 20) and tetrahydrocannabivarin (THV, 

21) were found to be potent agonists of TRPV2.96 Phytocannabinoids acting on TRPV1, 

TRPA1, and TRPV2 often showed bimodal activity, such as the activation and inhibition of  
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Figure 14. Structures of cannabinoid TRP modulators. a. TRPM8 IC50 values listed as 

(vs 0.25 µM icilin), (vs 50 µM menthol).97 b. TRPM8 IC50 measured vs 0.25 µM icilin. 

c. TRPV1 IC50 measured vs 0.1 µM capsaicin. d. TRPA1 IC50 measured vs 100 µM 

AITC e. TRPV2 IC50 measured vs. 3 µM lysophosphatidylcholine.96 Note: hTRP = 

human TRP DNA; rTRP = rat TRP DNA. 

these channels by 22 (Figure 14). Although this was most likely due to channel 

desensitization, it could be a beneficial consequence since the role of TRP channels in 



 

31 

neuropathic pain and cancers is exacerbated upon channel deactivation or blocking.71,79,96-97 

The results of De Petrocellis et al.’s study, along with previous findings of the effects of 

natural cannabinoids on dorsal root ganglia (DRG) neurons, suggests that the physiological 

impact of cannabinoids is due to their interactions with TRP channels in sensory 

neurons.7,96-97 The non-psychotropic cannabinoid, 19, antagonizes TRPM8, activates both 

TRPV1 and TRPA1, and has been tested for its anti-cancer properties.74,96-98 In a study 

carried out by Borrelli et al., 19 was found to promote apoptosis and reduce cell viability in 

a colorectal cancer cell line.98 The interaction of 19 with TRPM8 was confirmed by 

silencing the mRNA of TRPM8 in the colorectal cancer cells and in doing so, the cytotoxic 

affect of CBG was reduced.98 The phytocannabinoids, 18 and cannabidivarin (CBDV, 22), 

which are also antagonists of TRPM8, showed the same activity against colorectal 

cancer.7,98  

Cannabidiol (18), which exhibits strong anti-inflammatory and anti-hyperalgesia activity, is 

an agonist of TRPV1, TRPV2, TRPA1, and TRPV3, and is an antagonist of TRPM8.77-78,99 

Its analgesic ability has been linked to its activation of TRPV1 and TRPV2, which upon 

desensitization, prevents the transduction of peripheral and spinal inflammatory and 

chronic pain signals.78,96 Additionally, administering 18 alongside 20 has been shown to 

enhance the therapeutic effects of 20 and reduce its less-desirable psychotropic affects.96 

1.4.2.3 Vanilloids 

TRPV1 is the vanilloid receptor, meaning that it is the ion channel target for compounds 

containing the vanillyl group (25, Figure 15 inset). The TRPV1 channel is the natural 

receptor for capsaicin (1), one of the capsaicinoids responsible for the irritating burning 

sensation connected to chilli peppers from the genus Capsicum (Figure 15).5,76 This  
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Figure 15. Vanilloid-based modulators of thermoTRPs. a. rTRPM8 IC50 are listed as: 

(vs 0.5 µM icilin), (vs 100 µM menthol).100 b. hTRPV1 IC50 vs 0.1 µM capsaicin. c. 

rTRPA1 IC50 vs 100 µM AITC.101 Note: hTRP = human TRP DNA; rTRP = rat TRP 

DNA; if not indicated then DNA information was unavailable. 

irritation is caused by capsaicin’s strong agonizing ability of TRPV1 channels, and is likely 

a reciprocal response of capsaicin’s ability to antagonize TRPM8, thus preventing the 

cooling sensations that are induced by TRPM8 activation.3,5,62,102 Interestingly, the natural 

and synthetic agonists of TRPM8 that elicit cooling sensations, menthol (7) and icilin (6), 

are differentially affected by 1.7 The IC50 value for 1 acting on the TRPM8 channel was 

determined as a result of its inhibitory effect on Ca2+ currents induced by icilin, since it did 
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not show potent inhibition of menthol-induced Ca2+ currents in HEK293 cells.7,100 The 

same phenomenon was also found with applications of the super-agonist of TRPV1, 

resiniferatoxin (2), in TRPM8-transfected HEK cells, supporting the previously discussed 

observations of different binding sites for TRPM8 agonists in the channel’s ligand binding 

domain (S1-S4).103 

As mentioned, 2 is a super-agonist of TRPV1 channels with a pico-molar potency, and is 

the most potent known agonist for TRPV1.35,103-104 Resiniferatoxin (2) is a daphnane 

diterpene containing a vanilloid moiety (25) found in cactus-like plants of the Euphorbia 

genus.10,103 The ability of 2 to over-activate TRPV1 causes prolonged Ca2+ influx that is 

cytotoxic to cell bodies and pain fibers that contain this channel.104-106 Although 2 is also a 

potent agonist of TRPM8 (EC50 0.15 µM), with efficacy comparable to icilin (EC50 0.36 

µM), it is highly selective for TRPV1 and targets sensory neurons containing TRPV1 

channels.104 Since the deletion of TRPV1-expressing neuronal cell bodies interrupts the 

transmission of pain signals from the body to the brain, enabling 2 to be a therapeutic 

treatment for chronic pain.103-104,106 

While the only other vanilloid included in Figure 15 that interacts with the TRPM8 channel 

is eugenol (26), its activity and that of the other vanilloid-based TRP channel modulators 

are related to intriguing physiological impacts. The nonselective TRP channel agonist 26 

demonstrates analgesic activity as a result of either its TRP channel modulation or its 

inhibition of VGICs and receptors in trigeminal ganglion neurons.5,68 Capsiate (27), the 

ester derivative of 1, is a nonselective agonist of TRPV1 and TRPA1 and is commercially 

available as an anti-obesity remedy due to its ability to increase energy metabolism, a trait 

which 1 also shares.68-69,76,107-110 It was found that 27 activates TRPV1 and TRPA1 via 
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different mechanisms than 1, since the response time for 27 differed for each channel, 

suggesting that TRPA1 interacts with 27 through different domains than it does other 

electrophilic ligands.108 Additionally, since 27, dihydrocapsiate (28), and 

nordihydrocapsiate (29) all activate TRPA1 whereas 1 does not, the ester functional group 

appears to be important for binding with TRPA1 (Figure 15).69,108 These three compounds 

have similar potency for TRPA1 and TRPV1, due to their polarities and lipophilicities 

which allow them to interact with the binding domains of these channels.107-108 

The gingerols (30 and 31) are distinctly flavored oils derived from ginger root (Zingiber 

officinale) that act as nonselective agonists of TRPV1 and TRPA1 and evoke transient ion 

currents in spinal sensory neurons, which are blocked by the TRPV1 antagonist 

capsazepine.8,68-69,76 The TRP channel activation of these phenolic natural products possibly 

plays a role in the reported medicinal properties of ginger, including the induction of 

analgesia in the treatment of headaches, nausea, muscular discomfort, arthritis, colds, and 

other rheumatological disorders.69,101,111 Similar to the commercialized diet-aids 1 and 27, it 

was found that 30 is capable of promoting energy consumption and increasing metabolic 

rates.76 

1.4.3 Synthetic modulators of TRPM8, TRPV1, and TRPA1 

In 1972, preliminary tests of various tetrahydropyrimidine-2-one derivatives on animal 

behaviour models indicated that icilin (6) enacted physiological responses in rats and 

monkeys (Figure 16).112 When the pharmacological activity of 6 was further explored, it 

was shown to selectively and potently activate peripheral sensory neurons to produce 

sensations of cold in rodents and humans.112 It was not until 2002 that icilin’s super-cooling  
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Figure 16. Synthetic modulators of thermoTRPs. a. EC50 unavailable b. IC50 vs 1000 

µM 2-aminoethoxydiphenyl borate.113 c. IC50 vs 20 µM menthol.95 d. IC50 vs inward 

current (-50 mV) induced by 100 µM menthol. e. IC50 vs outward current (+50 mV) 

induced by 100 µM menthol.114 f. IC50 vs 1000 µM menthol.115 g. IC50 vs 0.25 µM icilin. 

h. IC50 vs 0.1 µM capsaicin.55 i. IC50 vs 100 µM capsaicin.116 Note: hTRP = human 

TRP DNA; mTRP = mouse TRP DNA; rTRP = rat TRP DNA. 

behaviour was found to be a result of its strong interaction with the TRPM8 channel, and 

since then, modulators of the primary cold-receptor of the somatosensory system have been 

rigorously explored.7,42,49,54-55,117-121 There continue to be experimental issues underlying 
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the study of TRPM8 and its modulators, as well as other TRP channels, such as the 

problems with isolating substantial amounts of TRP proteins for X-ray crystallography, 

successfully transfecting test cells, and the inter-species differences of TRP channel 

function.29-30,83 However, studying the interaction of compounds with TRP channels is a 

useful tool for uncovering various molecular structural features that affect their channel 

selectivity and pharmacological roles. 

The synthetic channel modulators of TRPM8, TRPV1, and TRPA1 range in potency from 

nanomolar to millimolar concentrations, and range from completely nonselective to 1000-

fold more selective for one channel over another.5,122 Some potent TRP channel modulators 

that demonstrate similar activating or blocking concentrations of TRPM8 are summarized 

in Figure 16.  

Icilin (6) is the only non-para-menthane based agonist of TRPM8, and has demonstrated 

roles as an anti-inflammatory, a treatment for neurological disorders, and an anti-cancer 

agent.7,55 As discussed previously, 6 does not have the same binding mechanism as menthol 

(7), and it inhibits menthol- and cooling-induced currents in a non-desensitization 

manner.5,49,51,55,123-124 Icilin also modulates TRPA1 and TRPV3, with a prerequisite of 

extracellular Ca2+ in order to agonize TRPA1, similar to its requirement of an increase in 

the intracellular concentration of Ca2+ to activate TRPM8.7,125 Interestingly, SAR studies 

have revealed that derivatives of 6 generally show reduced agonistic activity on TRPM8. 

7,23,52,55 

Initially studied for its capability to potently modulate TRPV1 channels, BCTC (32) was 

the first compound assessed for its ability to antagonize TRPM8.7,73,95 BCTC is an 

antagonist of both TRPM8 and TRPV1, and demonstrates in vivo inhibitory affects on 
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hyperalgesia and allodynia, and on prostate cancer cells; thus further implicating the 

involvement of these TRP channels in these diseases.5,95,126 The thio-urea derivative of 

BCTC (33) also demonstrates potent antagonistic activity of TRPV1 and TRPM8.54,95 

Notably, both 32 and 33 were found to selectively antagonize TRPV1 and TRPM8 over 

other TRP channels; and with 32’s increased selectivity of TRPV1 compared to TRPM8, it 

has the potential to be used as a specific TRPV1 antagonist in vivo.95,127  

The antifungal agent clotrimazole (34) is a broad-spectrum TRP modulator, acting as a 

potent TRPM8 antagonist, activator of TRPV1 and TRPA1 channels, and blocks TRPM2, 

TRPM3, TRPC6, and TRPV4 currents.5,7,115 The inhibitory activity of 34 on TRPM8 is 

voltage-dependent, and since it does not inhibit TRPA1 channels, it is a pharmacological 

tool used to discriminate between the cold-mediated channels.5,114,128 

The 1,2,4-triazole derivative, M8-Ag (35), was determined to be an activator of TRPM8 

with nano-molar potency while also being a less-potent agonist of TRPA1.7,23,118 The 

finding that in vivo M8-Ag inhibited cold hypersensitivity in a rat spinal injury model was 

aligned with previous reports of TRPM8 agonists as potential treatments for disorders 

related to neuropathic pain.7,118 

The cinnamamide derivatives, N-(p-amylcinnamoyl)anthranilic acid (ACA, 36) and the 

aryl-iodo compound (37), are antagonists of TRPM8.5,55,115,129 ACA is a phospholipase-A2 

inhibitor, which allows it to interfere in inflammatory responses, and has been studied for 

its role in pancreatic and cardiovascular syndromes.75,129 The N-aryl cinnamide derivative 

37 was an intermediate prepared by De Petrocellis et al. as part of a SAR study of analogs 

of icilin (6).55 Although they were not successful in enhancing the agonizing ability of 

icilin, they found that 37 is a potent antagonist of TRPM8.7,55 Additionally, 37 shows 
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significantly improved selectivity over TRPV1 compared to the selectivity of 36, 

suggesting its potential as a potent anti-inflammatory agent.7,55 

Synthetic derivatives of natural products can prove to enhance potency, channel selectivity, 

and in vivo viability, and invert the activity of the parent compound, amongst other 

improvements.69,122 One such compound is capsazepine (3), which acts as a potent TRPV1 

antagonist whereas its parent natural product capsaicin (1) is a potent activator of TRPV1 

channels (Figures 15 and 16).4,64 Both compounds act as antagonists of TRPM8 channels, 

although 3 shows significantly enhanced selectivity of TRPV1 over TRPM8.117,127 3 is used 

as a pharmacological tool for the analysis of the role and function of TRPM8 and TRPV1 

channels in various systems.64,69,127,130 The inhibitory activity of 3 was utilized to provide 

evidence of the role of TRPM8 in regulating the concentration of intracellular Ca2+ to 

maintain the cell survival of human prostate cancer cells.74 This aided in the unearthing of 

TRPM8 as a therapeutic target for treating advanced stages of prostate cancer.7,74  

Menthol (7), a known ligand for TRPM8, is a popular lead compound for TRP SAR studies 

aiming to improve its low selectivity over TRPA1 and TRPV3 channels.70,87,124 Given the 

significant role of TRPM8 in peripheral sensory neurons and the limited information 

regarding TRPM8’s structure, numerous SAR studies have led to increased knowledge of 

this channel and to the development of natural product derivatives with enhanced potency 

and selectivity.4,39,68-69,81,121 For example, the carboxamide menthyl derivative, WS-12 (38), 

was the first high-affinity ligand developed for TRPM8 that is incapable of activating other 

thermoTRPs at physiologically-relevant concentrations, and many SAR studies on 

menthylamides and menthylamines have produced effective TRP channel modulators 

(Figure 16).7,50,52,82,117 Several reviews on TRP channel modulators have recently been 
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published and provide a thorough picture of the synthetically-accessible modulators of 

these robust and pharmacologically relevant ion channels.23,39,55,77,122,127 

1.5 Conclusion 

The structural properties of natural product and exogenous modulators of TRPM8, TRPV1, 

and TRPA1 are key indicators for their ability to manipulate these channels and for the 

physiological responses they induce. SARs based on natural product ligands of 

thermoTRPs are a powerful strategy for enhancing biological activity and specificity for 

TRP channels, while increasing knowledge of TRP channel structures and their activation 

mechanisms. TRP channel SAR studies have led to potent and selective modulators which 

have become patented cooling agents, or evaluated in clinical trials.7,39 Further 

development of selective TRP channel modulators is a crucial pharmacological goal given 

the therapeutic potential of targeting these ion channels. In order to achieve this goal, the 

development of a novel methodology to prepare key moieties in the synthesis of natural 

product analogues was pursued to allow for a highly effective route to libraries of 

compounds for SARs.  

1.6 Chapter summaries and roles of contributors 

Chapter One aims to fully introduce and describe the TRPV1, TRPA1, and TRPM8 

channels in order to develop an understanding of the complex structures and functions of 

each channel. A sample of the natural and synthetic TRP channel modulators is included to 

indicate the types of compounds and the range of chemical structures that can be employed 

to interact with these channels.  

Chapter Two describes the development of methodology employing oxidative cross-

dehydrogenative coupling to form aldol adducts using silyl protected alcohols and 
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carbonyl-containing compounds. The range of substrates prepared, the reaction conditions 

screened, and the measurements and calculations conducted in an attempt to optimize the 

methodology are discussed in detail. The reactions, measurements, and calculations 

included in Chapter Two were conducted by Christina LeGay. Where appropriate, Dr. Juan 

Araneda is thanked for his contributions, and a number of the reaction conditions screened 

by Dr. Araneda are included in Appendix A. 

Chapter Three introduces the synthesis of natural product analogues for the first library of 

menthol derivatives and describes the preparation of the second generation library based on 

the results from the first library, which are briefly included. The optimization of the 

synthesis route and the results of the first library of menthol analogues is described in the 

article first authored by Christina LeGay in the American Chemical Society journal 

Organic Letters. Dr. Evgueni Gorobets carried out the synthesis of cubebol based on 

Hodgson et al.’s route131, the development of the synthetic route for the first library of 

menthol analogues, and the synthesis of the first library. Additional quantities of the allyl 

menthyl benzoate analogue from the first library was prepared by Christina LeGay for the 

electrophysiology measurements. Fluorescent calcium assays of the first library of 

derivatives were conducted by Christina LeGay and Dr. Rithwik Ramachandran in the 

Altier lab at the University of Calgary’s Department of Physiology and Pharmacology. 

Dean Lang contributed to the preparation of starting material for the second generation 

library, under the guidance of Christina LeGay. 

Chapter Four describes the biological evaluation techniques used for the first library of 

menthol analogues and details the results of the fluorescent calcium assays and 

electrophysiology on the first generation library. The goal of this chapter is to provide an 
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explanation of how the evaluation techniques work and to acknowledge the importance of 

the results of the TRPM8 modulators developed. Fluorescent calcium assays were 

conducted by Christina LeGay to confirm the results found by Dr. Ramachandran using the 

same technique and in an attempt to measure the dose response of the most active 

analogues. The data from the preliminary calcium assays was analyzed and fitted to graphs 

by Dr. Rithwik Ramachandran. Dr. Mircea Iftinca conducted the electrophysiology 

measurements, and the analysis and plotting of the resulting data. Dr. Christophe Altier 

supervised the biological evaluations, which were conducted in his group’s lab at the 

University of Calgary’s Department of Physiology and Pharmacology. 

Chapter Five provides a summary of the future plans and ongoing work on both of the 

projects described in this thesis. The development of methodology to form key moieties in 

bioactive compounds is on of the research goals of the Derksen group. The preparation of 

additional menthol analogues to complete the second generation library is underway by 

Nadia Abdallah. The entire second generation library will be evaluated by a Derksen group 

member using preliminary fluorescent calcium assays, and the most active compounds will 

be forwarded to electrophysiology measurements by a member of the Altier lab. 
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Chapter Two: Developing methodology for the improved synthesis of natural 

products 

2.1 Functionalizing carbon-hydrogen bonds via cross-dehydrogenative coupling 

In order to build complete libraries of natural product analogues for SAR studies of TRP 

channels, employing novel methodology can lead to improved efficiency and atom 

economy.6 One of the research foci of the Derksen group is the development of novel 

routes towards bioactive natural products and their analogues. One project within this 

research program is the development of a method for the direct functionalization of carbon-

hydrogen (C-H) bonds to form aldol adducts. The aldol addition reaction is a fundamental 

organic synthesis tool for the production of β-hydroxy ketones (39) and α,β-unsaturated 

ketones (40); which are motifs in the synthesis of TRP channel modulators, most obviously 

the gingerols (30 and 31, Scheme 1).76,101,111 One key benefit of the aldol addition reaction 

is the ability to construct 39 and 40 using simple aldehydes and ketones (Scheme 1). Since 

39 and 40 also commonly appear in macrolide and polyketide natural products, such as the 

bioactive compounds 41 and 42; novel methods for selectively preparing these moieties 

could also be applied to the synthesis of complex compounds with adjacent stereocenters 

(Figure 17).132-133  

Scheme 1. General aldol addition reaction to form key synthetic moieties 39 and 40. 
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Figure 17. An example of TRP modulators containing β-hydroxy ketone moieties 30, 

31. Macrolide natural products with medicinal properties, 40 and 41. a. hTRPV1 IC50 

vs 0.1 µM capsaicin.101 b. rTRPA1 IC50 vs 100 µM AITC.101 

Several issues can arise using aldol reactions in the total synthesis of complex natural 

products – most significantly stereochemical control and selectivity. In an attempt to 

circumvent these issues, chiral auxiliaries or stoichiometric equivalents of one starting 

material can be used, the enolate nucleophile can be formed prior to coupling with the 

carbonyl electrophile, or the enolate can be formed selectively as in the Mukaiyama or 

Reformatsky aldol reactions (Scheme 1).132-135 The major downsides of using these 

“directed” aldol techniques are the additional synthetic steps required for the appendage 

and cleavage of stoichiometric equivalents of the chiral auxiliaries, and the tendency for 

enolates of both starting materials forming in situ.133 With the aim of improving upon these 

issues, this project set out to utilize organo-mediated oxidation to form protected aldol 

adducts via selective cross-coupling (Scheme 2).  
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Scheme 2. The project goal for forming protected aldol adducts in fewer steps. 

 

Literature precedent for the production of aldol adducts without the need of chiral 

auxiliaries or “pre-activation” using functional groups is via the direct functionalization of 

C-H bonds. This can be achieved using cross-dehydrogenative coupling (CDC) reactions 

(Scheme 3).136-142 CDC has sporadically appeared in the chemical literature since the 

1960s, but in 2006 Li brought CDC to the forefront of chemical research by coupling  

Scheme 3. A. The direct functionalization of C-H bonds via oxidative CDC (R= H, 

alkyl). B. C-J Li’s oxidative CDC method developed for the DDQ-mediated coupling 

of various benzyl ethers (43) and simple ketones (44). 
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benzyl ethers (43) with ketones and aldehydes (44) using an organo-mediated redox 

reaction to form aldol adducts (45, Scheme 3B).136-142 Since this development, there has 

been a rise in the popularity of synthetic organic chemistry reactions that functionalize C-H 

bonds as a technique to directly introduce carbon-carbon (C-C) bonds.136-139 CDC achieves 

C-C bond formation via the overall loss of H2 from the desired coupling partners (Scheme 

3A), and it has been used with a range of substrates, reaction conditions, oxidants, and 

chiral catalysts. The mechanism for the DDQ-mediated CDC of benzyl ethers with 

carbonyl coupling partners was proposed by Li et al.139 and was later supported by kinetic 

isotope effect (KIE) studies conducted by Floreancig143 (Scheme 4). From these studies it 

was determined that DDQ-mediated oxidative CDC reactions proceed through single 

electron transfer (SET) via oxidation of the benzyl ether 43 by DDQ, followed by hydrogen 

atom abstraction to form the oxocarbenium ion (A). The electrophile A is then subject to 

nucleophilic attack by the enolate formed in situ from 44, and cross-coupling is achieved.   

Scheme 4. DDQ-mediated oxidative CDC 43 and 44, via the oxocarbenium ion (A).139 
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The increasing interest in this technique within the past two decades lies in the need to 

develop novel methods that reduce the number of requisite synthetic steps, costs, waste, 

and time often associated with chemical synthesis. A number of recent reviews on CDC 

reactions have focused on the types of catalysts used,144-147 the substrate scope,148-151 

asymmetric CDCs,141,152 and the general application of C-H functionalization using 

CDC.142,153-155 These reviews establish CDC as a popular area of research, but with 

significant limitations. One challenge is the general requirement for either or both 

heteroatoms and conjugated π-systems, such as the benzyl group employed by Li et al., 

adjacent to the C-H bond of interest in order to achieve selective functionalization (43, 

Scheme 3B). There is also a deficiency of transition metal-free oxidative CDCs that use 

catalytic amounts of organic oxidants in high yielding and enantioselective reactions. We 

sought out to develop an oxidative CDC method that would selectively couple protected 

alkyl and allyl alcohols with ketones to form aldol-type conjugates using an entirely 

organo-mediated redox reaction (Scheme 2).  

2.2 Preliminary results 

Prior to subjecting novel substrates to oxidative CDC, the procedure developed by Li et al. 

for the coupling of isochroman (46) and acetophenone (47) using stoichiometric DDQ was 

repeated (Scheme 5A). DDQ is frequently used as the oxidizing agent for CDCs due to its 

commercial availability, and its ability to oxidize a wide range of substrates.156 The kinetics 

for quinones such as DDQ acting as hydrogen atom acceptors in organic chemistry 

reactions has been studied for a variety of hydride donors and support the mechanism and 

kinetics determined for the role of DDQ in previous CDCs (Scheme 4).156 The highest yield 

obtained by Li et al. for the CDC of 46 and 47 was 76% under neat conditions, but when 
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the procedure was repeated in our hands, this reaction produced a complex mixture of 

products that could not be separated (Scheme 5A). In the development of a catalytic 

enantioselective method for the oxidative CDC of benzylic ethers with aldehydes, Meng et 

al. also demonstrated a complex mixture of products.157 They used a step-wise approach to 

first oxidize the benzylic ether with DDQ, then added the carbonyl nucleophile in the 

presence of a chiral amine and a Lewis acid.157 Upon analysis of the reaction mixture after 

oxidation of 46 with DDQ in the presence of water, four different intermediates were 

isolated (48-51, Scheme 5B).157 These intermediates were re-subjected to their coupling 

reaction conditions and led to the desired product. Meng et al.’s reaction conditions had 

several additives which were not employed in the repetition of Li’s coupling reaction,  

Scheme 5. A. Repetition of Li’s literature procedures. B. Intermediates (48-51) of 

Meng et al.’s step-wise oxidative CDC of isochroman.157 
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suggesting that this is the reason that the complex mixture produced did not smoothly lead 

to the desired product.  

In order to assess the utility of this method with novel substrates, an initial screen was 

conducted substituting the ketone nucleophile (47) with allyltrimethylsilane (52, Scheme 

6). Its employment led to a vinyl ether product (53) whose terminal olefin is readily 

available for functionalization if desired (Scheme 6). 46 and 52 were subjected to a number 

of reaction conditions, including different solvents, equivalents, oxidizing agents, and using 

a similar step-wise oxidation method as Meng et al.157 (Table 3). For each entry in Table 3, 

the reactions were monitored by TLC and the times indicated were the total time reacting 

prior to quenching the reaction. The factors that determined when the reaction was stopped 

were the appearance of a substantial amount of product or a complex mixture; or if there 

was no apparent change in the reaction progress over an extended period of time. The one-

step method as employed by Li et al.139 was followed for entries 1-4, and the two-step 

method developed by Meng et al.157 was followed for entries 5-13 (Table 3). Entries 1 and 

2 utilize literature conditions, with the reactions quenched due to no product being detected 

even after extending the reaction time. Entries 3 and 4 are reactions that were started under 

similar conditions, but with different oxidizing agents, DDQ and TCQM (Scheme 6).    

Scheme 6. A. Utilizing a novel substrate (52) in the oxidative CDC of isochroman (46). 

B. One of the oxidizing agents employed in the optimization (Table 3). 
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Table 3. Optimization of the oxidative CDC of isochroman (46) and 52. 

Entry Equiv. 52 [O] Solvent Method T (°C) Time (h) %Yield 

1 3 DDQ neat I 100 22 n.d. 

2 2 DDQ toluene I 110 14 n.d. 

3 2 DDQ toluene I 40 22 12 

4 2 TCQM toluene I 40  80 51  n.d. 

5 4 DDQ toluene  II 40  80 168 30 

6 2 DDQ DCM II rt  80 218 14 

7a 3 DDQ DCE II rt  80 294 20 

8 3 TCQM DCE II 80 96 14b 

9 5 DDQ toluene II 40 48 n.d. 

10 3 DDQ toluene II 80 48 15b 

11 3 DDQ CH3NO2 II 80 51 48b 

12 3 TCQM CH3NO2 II 80 96 42b 

13 3 TCQM CH3CN II 80 116 n.d. 
I. One step method: 46 added to 52, [O] (1.2 eq) in solvent (0.4 M). II. Step-wise method: 46 added to [O] 

(1.2 eq) in solvent (0.4 M); 52 added when new products evident. a. H2O (1.1 eq) added after 24 h. b. Based 

on 1H NMR using p-anisaldehyde or benzaldehyde standard. n.d. = 53 not detected. 

For entry 4, no product was detected at the time and temperature used in entry 3, so the 

temperature was increased and reaction time extended, but no product was detected. Entries 

5-7 demonstrate reactions set-up following the two-step method, and the temperature 

changes and extended reaction times were used in an attempt to increase the product yield. 

The remaining entries indicate changes of the oxidant (7 vs 8, 11 vs 12), solvent (10 vs 11, 

12 vs 13), or temperature (9 vs 10), with the reaction times based upon the factors 

mentioned above. The highest isolated yield was 30% (entry 5) and the yields determined 

using 1H NMR ranged from 14-48% (entries 8, 10-12). For the substrates 46 and 52, the 

conditions that lead to the highest yields were those employing solvents and at lower 

temperatures (entries 11 and 12) compared to the literature coupling of 46 with 47 (entries 

1 and 2).  

Building on these initial results, oxidative CDC was evaluated for its substrate scope. 

Various silyl ethers were prepared following two general procedures: employing imidazole 
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or 4-(N,N-dimethylamino)pyridine (DMAP) and the desired silyl chloride (Scheme 7). It 

was rationalized that the silyl group would stabilize the oxocarbenium ion that forms upon 

oxidation by DDQ, similar to the role that the aromatic group plays in the literature 

oxidation mechanism of benzyl ethers (Scheme 4).139,143,157-158 Silyl groups are commonly 

used as protecting groups for primary alcohols in organic synthesis, so directly coupling 

silyl ethers to form aldol adducts would eliminate the steps normally required to remove the 

silyl protecting group, then re-protect the alcohol after the desired reaction (Scheme 2). 

Additionally, coupling the silyl ethers with 52 would effectively transform a primary 

alcohol to a secondary alcohol containing an allyl group that could be further functionalized 

(Scheme 7C).  

Scheme 7 A. The preparation of silyl ether substrates with triisopropylsilyl (TIPS), 

tert-butyldimethylsilyl (TBS), and tert-butyldiphenylsilyl (TBDPS) groups. B. Example 

of the silyl ether CDC reactions attempted, employing TIPS-protected octanol (54) 

and TIPS-protected trans-2-octen-1-ol (55). 
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The silyl ether substrates 54 and 55 were forwarded to oxidative CDC under a variety of 

reaction conditions, similar to those employed for the coupling of 46 and 52 (Table 4). As 

with the reactions conducted in Table 3, the reactions were monitored by TLC and stopped 

upon the appearance of a substantial amount of product or a complex mixture; or if there 

was no apparent change in the reaction progress over an extended period of time. The 

temperature changes and extended reaction times for single reactions were employed in an 

attempt to form product (Table 4, entries 1-3, 6-7). Entries 1 and 2 indicate the use of the 

two different addition methods, one-step and two-step, with 54. The conditions used for 

entry 3 were similar to those employed by Meng et al. for the CDC of isochroman,157 with 

1.1 equivalents of water added to the reaction mixture during the oxidation step. The TIPS-

protected allyl alcohol 55 was employed in entries 4, 5, and 7 with a minor amount of 

product detected by crude 1H NMR after 50 hours reacting when the one-step addition 

method was used (entry 5). The conditions that led to the highest yield for the coupling of 

46 and 52 (Table 3, entry 11) were used in an attempt to couple 54 and 55 with 52 (Table 4, 

entries 5-7). However, significant product yield was not determined for any of the reaction  

Table 4. Reaction conditions attempted for the oxidative CDC of 54 or 55 with 52. 

Entry SE Equiv. 52 [O] Solvent Method T (°C) Time (h) %Yield 

1 54 2 DDQ toluene I 40  80 49 n.d. 

2a 54 - DDQ toluene II 40  80 194 n.d. 

3b 54 3 DDQ DCE II rt  80 150 n.d. 

4 55 3 DDQ CH3NO2 II 80 74 n.d. 

5c 55 3 DDQ CH3NO2 I 80 50 <5 

6d 54 3 DDQ CH3NO2 I 25  50 25 n.d. 

7d 55 3 DDQ CH3NO2 I 25  50 25 n.d. 
I. One step method: silyl ether (SE) added to 52 and [O] (1.2 eq) in solvent (0.4 M). II. Step-wise method: SE 

added to [O] (1.2 eq) in solvent (0.4 M); 52 added when new products evident. a. Oxidation did not yield any 

new products. b. H2O (1.1 eq) added. c. Additional DDQ (0.6 eq) and 52 (1.5 eq) added after 24 h. d. 1.1 eq 

DDQ and 0.1 M CH3NO2 were employed, and a workup as described in the literature was conducted when 

precipitate formed.159 n.d. = not detected. 
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conditions screened including solvents, temperatures, and equivalents (Table 4). As 

indicated in entries 6 and 7, the workup developed by Todd et al. was followed in an effort 

to dissolve the precipitate that was generally formed in each of the reaction conditions 

(Table 4). Todd et al. observed the formation of an insoluble complex (A) consisting of N-

phenyl tetrahydroisoquinoline (61) and DDQ in their reaction to couple nitromethane 

(CH3NO2) with 61 to form the CDC product 62 (Scheme 8A).159 Due to the similar 

reactions conditions employed and observations of an insoluble precipitate, it was thought 

that analogous complexes had formed between 54 and 55 with DDQ. In following the 

literature workup, the reaction mixtures of entries 6 and 7 (Table 4) were vacuum filtered, 

and each precipitate was treated with diisopropylethylamine (DIPEA) and additional 52 and 

allowed to stir prior to quenching the reaction (Scheme 8B).159 This workup did not yield 

the desired product nor was a DDQ-silyl ether complex detected; but an additional 

chemical literature search suggested that cyclic voltammetry measurements could  reveal a 

potential solution for the low yields thus far determined in the oxidative CDC reactions. 

Scheme 8. A. The insoluble precipitate (A) characterized by Todd et al.159 B. CDC of 

54 and 52 employing the literature workup (Table 2, entry 6). 
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2.3 Cyclic voltammetry and DFT calculations of the silyl ether substrates 

In 2014, Nicewicz described the use of organic photoredox catalysis for anti-Markovnikov 

alkene hydrofunctionalizations, demonstrating that the oxidation potentials of various 

alkenes are inaccessible to ground state oxidants, such as DDQ.160 Based on their oxidation 

potentials, Nicewicz et al. reasoned that electron-rich alkenes, for example silyl enol ethers, 

can be more easily oxidized by ground-state oxidants than their aliphatic and terminal 

styrene counterparts.160 Since the ability of alcohols or silyl ethers to be oxidized by the 

ground state oxidants was not discussed, the oxidation potentials of the silyl ethers prepared 

as part of this research project were measured using voltammetry in order to determine if 

they could be oxidized by DDQ. 

Voltammetry is one of the most useful electrochemical tools for assessing various electron 

transfer processes of chemical reactions, and was used to measure the oxidation potentials 

of the silyl-protected alcohol substrates (Table 5).161-163 Specifically, cyclic voltammetry 

(CV) was employed to determine the voltage range in which each compound was reduced 

or oxidized, then differential pulse voltammetry (DPV) was used to measure the reduction 

or oxidation potential value due to its enhanced sensitivity.163-164 Density functional theory 

(DFT) calculations were also carried out using Gaussian09 to calculate the oxidation and 

reduction potentials and obtain visualizations of the orbitals of each substrate to gain an 

understanding of their reactivity (Table 5). Isochroman (46), allyltrimethylsilane (52), and 

DDQ were also measured in order to determine if the redox potentials of the silyl-protected 

alcohols were accessible to DDQ compared to the well-studied 46 (Figure 18).  

 



 

54 

 

Figure 18. The substrates measured using cyclic voltammetry. 

Table 5. Experimental oxidation and reduction potentials measured using differential 

pulse voltammetry (DPV) and HOMO energies calculated using Gaussian09. 

Entry Substrate Corr 

Expt Ox 

(V)a 

Corr 

Expt Ox 

2 (V)a 

Expt 

HOMO 

(eV)b 

Expt 

HOMO 

(eV)b 

Calcd 

HOMO 

(eV)c 

Calcd O 

charged  

1 DDQ -0.50e -0.37e -4.30f -4.43f -5.04f - 

2 46 1.95  -6.75 - -6.75 -0.34 

3 52 1.48  -6.28 - -6.62 - 

4 63 3.04  -7.84 - - - 

5 64 1.95  -6.75 - - - 

6 54 2.37  -7.17 - -6.82 -0.35 

7 55 2.69  -7.49 - -6.80 -0.38 

8 56 2.30  -7.10 - - - 

9 59 1.75 2.13 -6.55 -6.93 -6.92 -0.38 

10 60 1.64 2.21 -6.44 -7.01 -6.70 -0.73 
a. Corrected expt oxidation potentials (Corr Expt Ox) measured with DPV: 200 µM in CH3CN containing 0.1 

M (nBu)4NPF6 at a glassy carbon electrode vs Ag. Corrected vs Fc/Fc+ (+0.40 V). b. Corr Expt Ox were 

converted to eV using the Fc/Fc+ HOMO energy level of -4.8 eV vs vacuum and the equation: HOMO = -

(Expt Ox + 4.8 eV).165-166 c. Ox calculated using Gaussian09, Opt+Freq method, DFT with B3LYP+6-31G+d 

basis set. d. Mulliken charge of the oxygen atom in each substrate, calculated using Gaussian09, Opt+Freq 

method, DFT with B3LYP+6-31G+d basis set. e. Reduction potentials. f. Calcd LUMO energy level. 

Additional experimental and calculation details can be found in Appendix A. 

The lower oxidation potential of 52 compared to 46 provided an explanation for the low 

yields found in the attempted optimization of oxidative CDC to form 49 (Scheme 6), since 

DDQ would have been consumed in oxidizing 52 rather than 46 (Table 5, entries 2 and 3). 

The DFT calculations and voltammetry measurements also showed that the TBDPS ethers 

59 and 60 had lower oxidation potentials compared to 46, but not lower than 52 (entries 9 



 

55 

and 10). The lower oxidation potentials of these substrates was assumed to be due to the 

enhanced electron donating ability of the electron rich TBDPS group compared to TIPS or 

TBS. This was evidenced by the charge distribution calculated, with a Mulliken charge of -

0.384 on the oxygen in 55 and -0.734 on the oxygen in 60. These results suggest that the 

TBDPS octyl ethers 59 and 60 would be more readily oxidized by the ground state oxidant, 

DDQ, and these compounds were evaluated as substrates for oxidative CDC reactions. 

2.3.1 Utilizing the data gathered by voltammetry and computation 

The high temperature and high concentration conditions as used by Li et al. for the 

coupling of 46 and 47 were employed for the test DDQ-mediated oxidative CDCs of 59 and 

60 with 47 (Scheme 9). Although several products were visible by TLC, the desired 

product (66) was produced in a very small yield in the reaction employing 60 (Scheme 9). 

The yield of product isolated by silica gel (SiO2) column chromatography was less than 

1%, but it was confirmed to be the desired product through comparison of the spectra of 66 

to a standard made using an aldol addition reaction between acetophenone and trans-2-

octen-1-al. Preliminary identification of the by-products by GC-MS chromatography and 

NMR spectroscopy suggested that the silyl group can be cleaved under the reaction 

conditions, as a number of fractions contained solely silyl group peaks. As there was no 

yield of 65 determined under the same reactions conditions that yielded 66, the key 

difference between them was thought to be the lower oxidation potential measured for 60 

compared to 59, so it was carried forward for further reaction optimization.  
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Scheme 9. Employing the silyl ethers with the lowest oxidation potentials in the 

literature reaction conditions.139 

 

The TBDPS-protected allyl alcohol (60) was subjected to fourteen different reaction 

conditions for organo-mediated oxidative CDC, making similar changes to those employed 

previously (Table 6). A few reaction conditions that were not previously screened included 

different oxidizing agents, nucleophiles, and reduced reaction times. The organic oxidizing 

agents, the quinone o-chloranil (67), and the organic photocatalyst (68) were employed in 

order to compare their oxidizing ability to DDQ (Table 6 entries 13, 15, 16). The 

photocatalyst 68 was utilized by Nicewicz et al. for the oxidative functionalization of 

alkenes and due to the high reduction potential of its excited state (+2.06 V vs. saturated 

calomel electrode (SCE) in CH3CN),160 it was thought that 68 would readily oxidize the 

silyl ether starting materials. To test the substrate scope of the oxidative CDC and change 

the steric interactions of the substrates, 47 was replaced with 3-pentanone (69) and shorter-

chain TBDPS ethers were employed (entries 9, 12, 14). In an attempt to simplify product 

characterization for increased ease of reaction monitoring, the TBDPS-protected allyl 

alcohol (58) was employed (entry 12). A branched TBDPS-protected substrate (70) was 

also employed, but neither of these silyl ethers led to the desired product (entry 14).  
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Figure 19. Reagents used in the oxidative CDC of TBDPS ethers: oxidizing agents o-

chloranil (67) and organic photocatalyst 9-mesityl-10-methylacridinium perchlorate 

(68); effective nucleophile 3-pentanone (69); 58 and 70: other TBDPS allyl ethers used. 

Table 6. Reaction conditions used for the attempted optimization of the oxidative 

CDC of TBDPS allyl ethers and acetophenone (47). 

Entry SE Eq 47 [O] Solvent Method T (°C) Time (h)a %Yieldb 

1 60 3 DDQ Neat I 100 4 <2 

2 60 3 DDQ Neat I 100 23 n.d. 

3 60 2 DDQ Neat I 100 4 <1 

4 60 2 DDQ Neat I 80 4 <1 

5 60 2 DDQ Neat I 60 4 <1 

6 60 2 DDQ Neat I 40 4 <1 

7 60 2 DDQ Neat I 20 4 <1 

8 60 2 DDQ Neat I 40 46 n.d. 

9 58 2 DDQ Neat I rt 22 n.d. 

10 60 2 DDQ Neat I rt 4 n.d. 

11 60 2 DDQ Neat I 40  100 53 <1c 

12 60 2 (69) DDQ Neat I 40 25 <1 

13 60 2 67 Neat I 100 3 n.d 

14 70 2 DDQ Neat I 100 3 n.d 

15 60 2 DDQ + 68 CH3NO2 II rt 144 n.d 

16 60 2 DDQ + 68 DCE II rt 130 n.d 
I. Silyl ether (SE) added to 47 (or 69) and [O] (1.2 eq). II. SE was added to 68 (5 mol%), DDQ (1.2 eq), and 

47 in solvent (0.5 M) and irradiated with 450 nm LED light. a. Times at each temperature are indicated. b. 

GC-MS yields. c. % conversion. n.d. = not detected. 

Although each of the changes made to the reaction conditions either did not significantly 

improve the yield of 66 or did not result in detectable product formation; the reactions that 

did yield 66 consistently led to the same low yield. This peculiarity led to a re-examination 
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of the starting materials based on the supposition that an isomeric impurity of the starting 

material was leading to the product. 

2.4 Silyl enol ethers as the reactive species 

Upon close inspection of the GC-MS for compound 60, two very small peaks with a total 

integration of approximately 1% were evident that had the same mass as the starting 

material. These peaks were deduced to be a result of either cis-2-octen-1-ol (72) or octanal 

(74) being present in the reagent bottle containing trans-2-octen-1-ol (77, Scheme 10). The 

presence of these compounds would have led to the formation of 73 and 75, respectively, 

upon subjection to the silyl ether formation reaction conditions (Scheme 10A and C). Each 

of these compounds were prepared as GC-MS standards to compare with the peaks seen in 

the chromatogram of 60 and to subject them to the oxidative CDC conditions that initially 

led to 66 from 60. cis-2-octen-1-ol (72) was prepared via selective hydrogenation of 2-

octyn-1-ol (71),167 followed by silyl ether formation to furnish 73 (Scheme 10A). There 

were two different routes employed for the preparation of the TBDPS enol ether (75), via 

direct enol ether formation from 74 using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or via 

iridium-catalyzed isomerization of 60 (Scheme 10B and C). The iridium catalyst (76) was 

prepared as described in the literature for the preparation of [Ir(1,5-cod)2]BF6,
168 but using 

AgPF6 in lieu of AgBF6 (Scheme 10 inset). The literature precedent followed for the use of 

transition metal complexes to isomerise allyl silyl ethers mainly employed ruthenium 

catalysts rather than iridium, but 76 proved efficient and the resulting E and Z isomers of 75 

were separable by SiO2 column chromatography.169-170 Thanks to Dr. Juan Araneda for the 

suggestion of using 76 for the isomerization of the silyl allyl ethers and assistance with the 

synthesis of 76. 
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Scheme 10. Preparation of isomers of TBDPS-protected trans-2-octen-1-ol (60). A. 

Selective hydrogenation followed by silyl ether formation to obtain 73. B. Direct silyl 

enol ether formation to form 75. C. Iridium-catalyzed isomerization of the previously 

prepared silyl allyl ether (60) to furnish 75. 

 

The GC-MS chromatogram obtained of each of the prepared TBDPS allyl and enol ethers 

confirmed that the small peaks visible in the GC-MS of 60 were due to the presence of the 

E and Z isomers of 75 (Scheme 10). The integration of these peaks corresponded to about 

1% of the starting material, which was the same value obtained for the yield in the 

oxidative CDC reactions to couple 60 with various ketone substrates (Table 6). With the 

goal of increasing the yield of the desired CDC adducts, 73 and 75 were subjected to 

oxidative CDC conditions (Scheme 11A). Although 73 did not yield the desired product, 

excitingly, GC-MS of the DDQ-mediated oxidative CDC of 75 and 47 conveyed an 18% 

yield after 7 hours at room temperature. This encouraging preliminary finding led to the 

preparation of several silyl enol ethers in order to compare the reactivity of both different 
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silyl groups and hydrocarbon chain lengths; and it led to an exploration of the reaction 

mechanism (Scheme 11B). 

Scheme 11. A. Preparation of the oxidative CDC product 66 using the isomeric 

“impurities” of 60. B. The various silyl enol ethers prepared (78-81). 

 

2.4.1 Proposed mechanism for the cross-coupling of silyl enol ether and ketone 

substrates  

In order to properly propose a mechanism for the DDQ-mediated oxidative cross-coupling 

of 75 and 47, computational chemistry was utilized to visualize the orbitals of the 

substrates, while calculating their oxidation potentials and relative stabilities. A variety of 

the silyl enol ethers were visualized and calculated, and the results were similar to the 

previous calculations. It was found that the TBDPS-protected E and Z enol ethers (75) had 

the lowest energies and oxidation potentials compared to the other silyl enol ethers and to 

isochroman (46) (Table 7). The bulk of the electron density for the highest occupied 

molecular orbital (HOMO) for each of the silyl enol ethers calculated was located around 
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the C-C double bond of the enol (Figure 20). This suggested a similar role of this moiety to 

that of the aromatic group in the literature mechanism for the DDQ-mediated oxidative 

CDC of benzyl ethers, and allowed for the formation of a mechanism for the interaction of 

the silyl enol ethers with DDQ (Scheme 12).   

Table 7. Gaussian09 calculation results of several silyl enol ether substrates and a few 

other reagents used in the oxidative CDC screening reactions. 

Entry Substrate E or Z Red. (eV)a Ox. (eV)a O chargeb 

1 DDQ - -5.04 -8.17 - 

2 46 - -0.57 -6.75 -0.342 

3 59 - -0.87 -6.92 -0.383 

4 60 E -0.62 -6.68 -0.734 

5 73 Z -0.98 -6.87 -0.453 

6 75 E -1.02 -6.15 -0.496 

7 75 Z -1.02 -6.18 -0.454 

8 79 E -0.14 -6.05 -0.372 

9 79 Z -0.16 -6.07 -0.368 
a. Reduction (Red.) and oxidation (Ox.) potentials calculated using Gaussian09, Opt+Freq method, DFT with 

B3LYP+6-31G+d basis set. b. Mulliken charge of the oxygen atom in each substrate, calculated using 

Gaussian09, Opt+Freq method, DFT with B3LYP+6-31G+d basis set. Additional details can be found in 

Appendix A. 

 
Figure 20. A. The HOMO of the Z isomer of 75. B. The HOMO of the E isomer of 75. 

Calculated using Gaussian09 and visualized using GaussView 5.0.9. The solid arrows 

indicate the orbital concentrated around the alkene, and the dashed arrows indicate 

the orbital concentrated around the oxygen atom. 

As with the mechanism proposed by Li et al.139 and Floreancig,143 we propose that the 

DDQ-mediated oxidative CDC of the silyl enol ethers begins with a single-electron transfer 
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(SET, Scheme 12). Taking into account the results of the rudimentary computational 

chemistry carried out and literature precedent, two options are proposed for the SET 

between the silyl enol ether substrates and DDQ. The first option is via the oxidation of the 

oxygen atom in the silyl enol ether to form an oxygen radical cation (A, SET 1). The 

second option is via the oxidation of the electron-rich alkene of the silyl enol ether to form 

a carbon radical and a carbocation (B, SET 2). A and B are resonance structures, and SET 1 

and 2 both lead to the same oxocarbenium ion (C), which acts as the electrophile to couple 

with the enolate formed in situ in an aldol-type addition to form the aldol-like adduct (D). 

The proposed mechanism that is most similar to the literature precedent is SET 1, but the 

orbital visualizations of the optimized silyl enol ethers calculated suggest that the most  

Scheme 12. The proposed mechanism for the DDQ-mediated oxidative CDC of the 

silyl enol ethers and ketone substrates employed as part of this research. 
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likely mechanism is SET 2. This is due to the concentration of the electron density of the 

HOMO, which is where the SET occurs, being located around the alkene rather than the 

oxygen atom (Figure 20). Additionally, the carbocation in the proposed intermediate B 

could possibly be stabilized by silicon hyperconjugation of the neighboring TBDPS group 

via the β-silicon effect.171-173 

In order to further explore and confirm this proposed mechanism, additional computational 

experiments of the reactive intermediates and KIE studies will be required; however, it 

served as a basis for the more than fifty different reaction conditions screened for the 

oxidative CDC of the silyl enol ether substrates (Table 8). The majority of the reaction 

conditions were attempted as part of this master’s research, but additional reactions were 

carried out by Dr. Juan Araneda to enhance the screening process. A sample of the reaction 

conditions is displayed in Table 8 and includes those that led to product or those that 

involved significant changes, such as entries 4 and 5 where the oxidant was changed. The 

additional reaction conditions evaluated with the silyl enol ethers can be found in Appendix 

A. Even with a wide range of temperatures, solvents, carbonyl nucleophiles, equivalents, 

addition methods, and oxidizing agents employed, the GC-MS yield of the desired CDC 

products did not increase to acceptable yields for publication. Notably, the reactions that 

led to detection of the desired product by GC-MS were those that employed DDQ, and did 

so with a range of solvents and using various enol ethers and nucleophiles (entries 1-4, 6-8, 

21-23). In order to properly compare the GC-MS and isolated yields, the coupling of 75 and 

47 was repeated on a larger scale using the conditions that lead to an 18% GC-MS yield 

(entries 2 and 8). The GC-MS yield of the reaction mixture after 24 hours was 8% and 

purification lead to the isolation of 8% of the desired product (entry 8).   
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Table 8. A representation of the variety of reaction conditions used for the oxidative 

CDC of the silyl enol ether substrates with carbonyl nucleophiles. 

Entry SEE [O] Nuc Solvent T (°C) Time (h) YieldI 

1 75 DDQ 47 neat 100 20 <1% 

2a 75 DDQ 47 CH3NO2 rt 96 18% 

3b 75 DDQb 47 CH3NO2 rt 20 15% 

4c 75 DDQc 47 CH3NO2 rt 72 4% 

5 75 67 47 CH3NO2 rt 43 n.d. 

6d 75 DDQ 47d Neat rt 5 5% 

7 75 DDQ 67 CH3NO2 rt 23 14% 

8e 75 DDQ 47 CH3NO2 rt 24 8%e 

9 75 DDQ 4-ABN CH3NO2 rt 1 n.d. 

10f 75 Na2S2O8, CuBr2 47 Neat 80 46 n.d. 

11g 75 DDQ 47 CH3NO2 rt 3 7%g 

12 75 DDQ 47 CH3NO2 -15 6 n.d. 

13 75 DDQ 47 t-BuOH rt 22 n.d. 

14 75 DDQ 47 t-BuOH 80 22 n.d. 

15 75 DDQ 47 t-BuOH 40 7 n.d. 

16 75 DDQ 47 i-PrOH 40 7 n.d. 

17h 75 DDQ 47 t-BuOH 40 4 n.d. 

18i 75 DDQ 47 t-BuOH 40 7 n.d. 

19i,j 75 DDQ 82 CH3NO2 rt 24 n.d. 

20i,k 75 DDQ 82 CH3NO2 rt 4 n.d. 

21l 75 (97% E) DDQ 47 DCE rt 21 4% 

22l 75 (97% E) DDQ 47 CH3CN rt 20 1% 

23l 75 (97% E) DDQ 47 CH3NO2 rt 1 12% 

24 75 (97% E) DDQ 67 CH3NO2 -15 6 n.d. 

25m 75 (97% E) Na2S2O8, CuBr2 47 CH3NO2 80 21 n.d. 

26 75 (Z) DDQ 47 CH3NO2 rt 4 n.d. 

27 75 (Z) DDQ pinacolone CH3NO2 rt 19 n.d. 

28 73 DDQ 47 CH3NO2 rt 24 n.d. 

29n 73 t-BuOOH, CuBr 47 Neat 100 3 n.d. 

30 79 DDQ 47 CH3NO2 rt 48 n.d. 

31 80 DDQ 47 CH3NO2 rt 23 n.d. 

32l 81 DDQ 47 CH3NO2 rt 6 6% 

33o 81 Phthalamide, 68 47 CH3NO2 rt 96 n.d. 

34p 81 BrCCl3, 68 47 CH3NO2 rt 48 n.d. 

35 81 DDQ 52 CH3NO2 rt 20 n.d. 

General reaction set-up: Silyl enol ether (SEE) added to stirring solution (0.55 M) of Nuc and [O] (1.2 eq). I. 

All yields were calculated using GC-MS of a known concentration of the crude reaction mixture, unless 

otherwise noted. a. The reaction was carried out in open air. b. 2.5 eq of DDQ was used. c. DDQ was added in 

6 portions over 80 min. d. 4 eq 47 was used. e. Reaction was carried out on a larger scale, isolated yield. f. 3 

eq Na2S2O8, 20 mol% CuBr2, 5 eq 47. g. Isolated yield. h. 10 mg CaH2 added. i. 50 mg powdered 4Å 

molecular sieves added. j. 1.2 eq 82 used, 2 eq NEt3 added at 19 h. k. 2 eq DDQ, 1 eq 82, 1 eq NEt3 added at 

start. l. 0.8 M solvent. m. 3 eq Na2S2O8, 20 mol% CuBr2. n. 5 mol% CuBr, 1.2 eq t-BuOOH, 0.5 eq 47. o and 

p. Photocatalysis: 450 nm LED. o. 5 mol% 68, 0.5 eq phthalamide. p. 5 mol% 68, 0.5 eq BrCCl3. 4-ABN = 4-

acetylbenzonitrile.  
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A number of the reaction conditions used were inspired by literature, such as the use of the 

bulky alcohol solvents, tert-butanol and iso-propanol (Table 8, entries 13-18). These 

solvents were employed by Beauchemin et al. for a range of carbon-nitrogen (C-N) bond 

forming reactions, including the formation of oximes, N-alkylhydroxylamines,174 

ketonitrones,175-176 and nitrogen heterocycles.177 For the literature C-N bond forming 

reactions, the alcoholic solvents were found to improve the reaction yields and in some 

cases be necessary for high yields.177 The protic solvents boosted the literature yields by 

assisting in the proton transfer process, but they did not lead to product formation when 

they were employed in the oxidative CDC of 75 with 47 at various temperatures (Scheme 

13). 

Scheme 13. Oxidative CDC reaction conditions (i-iii) employing t-BuOH as the 

solvent. 

 

The use of a decarboxylative approach was inspired by Fagnou et al.’s work wherein 

malonic acid half thioesters (MAHTs) and oxyesters (MAHOs) undergo decarboxylative 

nucleophilic addition reactions with carbonyl electrophiles in the presence of triethylamine 

(NEt3).
178 Following the literature procedure, 75 was reacted with the prepared phenyl 

MAHO (82) in the presence of a stoichiometric amount of NEt3, but neither reaction 

attempted led to any sign of the desired product (Scheme 14, Table 8 entries 19 and 20).  
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Scheme 14. Oxidative CDC reaction conditions (i and ii) employing a MAHO (82) in 

an attempt to use the literature decarboxylative nucleophilic addition method to form 

83. 

 

2.5 Summary and Conclusion  

This methodology development project led to some encouraging progress, with a yield 

increase of nearly 20% when silyl enol ether substrates were employed in the organo-

mediated oxidative CDC rather than the initial silyl ether substrates. However, in general, 

poor product yields were generated by the reaction conditions employed. In addition to 

having put considerable effort into this project, several reports of closely related research 

by the Krische group at the University of Texas at Austin led us to move on from this 

project. Krische employed transition metal-mediated cross-coupling to smoothly form 

aldol-like adducts that closely resembled the products our research was aiming to produce 

(Figure 21).179-183  

 

Figure 21. An example of the products formed by the Krische group via various 

transition-metal catalyzed C-C coupling methods.179-184 

Therefore, the research focus of this Master’s research turned from novel methodology 

development to applying existing synthetic methods to a natural product SAR study that 
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was ongoing in the Derksen group. The use of silyl-protected alcohols as substrates to 

directly prepare aldol adducts remains a part of the Derksen group’s research goal of 

developing novel synthetic methodology, but it is clear that another route to the desired 

products is required. 
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Chapter Three: Novel menthol-derived TRPM8 modulators 

3.1 Synthesis of natural product analogs based on cubebol 

The Derksen group is interested in the synthesis of natural product analogs that modulate 

the thermosensitive transient receptor potential melastatin member 8 channel (TRPM8). As 

discussed in Chapter One, the impacts of modulating TRPM8 range from enacting cooling 

sensations to treating prostate cancer, implicating novel modulators of this channel as lead 

compounds with significant therapeutic potential.2-4,8,32,71,79,118 Past SAR studies of known 

TRP ligands have provided potent TRPM8 modulators, several of which were described in 

Chapter One, and a handful of which are currently patented as cooling agents or undergoing 

clinical trials.5,7,39,50,55,68,75,78,82,121-122,127,185-186 As there is currently no high-resolution 

crystal structure of TRPM8, additional SAR studies are essential for an increased 

understanding of the channel’s structure and function, which will aid in the production of 

selective TRPM8 modulators.7,29-30,34,40,51 Since the discovery that this thermoTRP channel 

is a receptor for the natural product menthol (7), a number of SAR studies have employed 7 

as the lead compound to uncover novel modulators (Figure 22).7,69,80-81 Numerous analogs 

based on 7 have been patented, including the cooling agents Frescolat® ML (84),187 

Coolact® 5 (85),188 (–)-menthyl succinate (88),189 N,N-dimethyl (–)-menthyl succinate 

(87),190 and the natural analgesics eucalyptol (12) and cubebol (88)8 (Figure 22). 
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Figure 22. Known TRPM8 modulators: menthol (7), patented cooling agents (84-87), 

natural products eucalyptol (12) and cubebol (88). 

  

With the known cooling properties of 88191-192 and it being suggested as a TRPM8 

activator,68 the Derksen research group was interested in exploring the ability of 88 and its 

analogs to modulate this channel.6-7 The synthesis of 88 by Hodgson et al.131 was followed 

by Dr. Evgueni Gorobets to produce initial quantities of 88 that could be derivatized to 

form a library of cubebol analogs (Scheme 15). This synthetic route begins from the 

commercially available 7 and efficiently prepares 88 in a stereo-controlled, 9-step 

synthesis. Two intermediates of the Hodgson synthesis, the allyl alcohol 91 and the cyclic 

ketone 96, were noted to have structures closely resembling those of menthol (7) and 

cubebol (88), respectively (Scheme 15). These synthetic intermediates were evaluated for 

their interaction with TRPM8. The preliminary testing of the intermediates was conducted 

using fluorescent Ca2+ imaging of human embryonic kidney (HEK) cells transfected with 

human TRPM8 DNA (view Chapter Four for details). These assays revealed that 91 is an 

agonist of the TRPM8 channel with a half-maximal effective concentration (EC50) three 

times lower than that measured for menthol (11±1 µM vs 33±3 µM), but 96 did not show 
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significant activity.6 With these encouraging results and recognizing the absence in the 

literature of menthol analogs with similar substitutions,191 the focus of this SAR study 

turned to derivatives based on allyl alcohol 91. 

Scheme 15. The Hodgson synthesis followed to produce initial quantities of cubebol 

(88).131 

AcOH = acetic acid; LDA = lithium diisopropylamide; MsCl = methansulfonylchloride; THF = 

tetrahydrofuran; LTMP = lithium 2,2,6,6-tetramethylpiperidide; TPAP = tetrapropylammonium perruthenate; 

NMO = N-Methylmorpholine N-oxide. 

In order to prepare a library of menthol analogs building on 91, it was necessary to develop 

a scalable synthetic route that was cost-efficient. Dr. Gorobets carried out the initial 

optimization of the synthetic methods used for the preparation of the first library of 

menthol analogs, and it is thoroughly described in our recent manuscript in the ACS journal 
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Organic Letters.6 The optimized route towards additional allylic analogs of 7 began with 

the commercially available (R)-(–)-carvone (97, Figure 23). To assess if increased degrees 

of unsaturation in 91 would affect its interaction with TRPM8, the allyl alcohols 98 and 99 

were prepared via optimized methods for the selective reduction of 97, followed by 

trimethylsilyl (TMS) or triethylsilyl (TES) enol ether formation, Rubottom oxidation, 

Wittig olefination, and removal of the silyl group (Scheme 16).6 Using established 

synthetic methods to functionalize the alcohol, 91 was converted to ester analogues (100 

and 101) and derivatives of patented cooling agents (102-105). The acetate (100) and 

benzoate (101) substituents were introduced in order to examine the effect of an ester group 

on the TRPM8 binding activity of 91 (Figure23).6 Exocyclic olefin analogues 102, 103,  

 

Figure 23. The first library of menthol analogs prepared by Dr. Gorobets (91, 98-107), 

starting from (R)-(–)-carvone (97).6 
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104, and 105, of the patented cooling agents Frescolat® ML (84),187 Coolact® 5 (85),188 (–

)-Menthyl succinate (86),189 and N,N-Dimethyl (–)-menthyl succinate (87),190 respectively, 

were prepared in order to evaluate the effect of the exocyclic alkene on their interactions 

with TRPM8 (Figures 22 and 23).6 To further elucidate the impact of the terminal olefin 

and functionalization of the allyl alcohol, the diol derivative 106 and the amino alcohol 107 

were prepared (Figure 23).  

It is worth noting that the sample of benzoate 101 that was employed in the secondary 

biological evaluations of the initial library of menthol analogs was also prepared as part of 

this master’s research (view section 3.1.1 and Chapter Four). After the preliminary 

fluorescent Ca2+ assays, the optimized synthetic strategy6 was closely followed to prepare 

additional quantities of 101 (Scheme 16). The synthesis started from (R,R)-

tetrahydrocarvone (109), which was prepared via selective hydrogenation of the major  

Scheme 16. Preparation of additional quantities of 101 by following the optimized 

synthesis for allylic analogs of menthol. 

  

LDA = lithium diisopropyl amine; THF = tetrahydrofuran; mCPBA = meta-chloroperoxybenzoic acid; TBAF 

= tetra-n-butylammonium fluoride; BzCl = benzoyl chloride; DMAP = dimethylaminopyridine. 
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isomer of (+)-dihydrocarvone (108). Dihydrocarvone (108) is available as an 8:2 mixture of 

isomers from Sigma-Aldrich, and can be easily separated by SiO2 column chromatography 

(Scheme 16).6 Hydrogenation of 108 over PtO2 in ethanol was more selective than using 

Pd/C, as described in the literature.6 Subsequent silyl enol ether formation, Rubottom 

oxidation, Wittig olefination, removal of the silyl protecting group, and benzoate ester 

formation allowed for the preparation of 101 for the evaluation of its activity against 

TRPM8 (Scheme 16). 

3.1.1 Biological evaluation of the first library of menthol analogues 

The developed synthetic strategy allowed access to the initial library of eleven menthol 

derivatives which were smoothly prepared from key intermediates utilizing established 

synthetic methods. When the first library was completed, each of the analogues was 

evaluated for its activity towards TRPM8 using fluorescent calcium imaging of HEK cells 

transfected with human TRPM8 DNA (hTRPM8).6 The initial screen was completed in the 

Altier lab at the University of Calgary’s Foothills campus with assistance from Dr. Rithwik 

Ramachandran. This screen was carried out at high concentrations (100-500 µM) to allow 

for the detection of any change in the TRPM8-mediated Ca2+ mobilization (see Chapter 

Four for details). The preliminary screen revealed three putative TRPM8 modulators: allyl 

alcohol 91 showed agonistic activity, benzoate 101 showed antagonistic activity, and the 

diol 106 demonstrated activity consistent with allosteric modulation of TRPM8 (Figure 24).  

To evaluate the dose-response of the most active analogues from the preliminary screen, 

allyl alcohol 91, benzoate 101, and diol 106, were forwarded to electrophysiology carried 

out by Dr. Mircea Iftinca using the conventional whole-cell patch clamp method (see 

Chapter Four). The potency of allyl alcohol 91 compared to menthol (7) was indicated by 
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its ability to increase the TRPM8 current in a dose-dependent manner with an EC50 of 11 ± 

1 μM, two-thirds lower than that measured for 7 (33 ± 3 μM, Figure 24).6 The antagonistic 

behaviour of 101 was also found to be dose-dependent with a half-maximal inhibitory 

concentration (IC50) of 2 ± 1 μM (Figure 24).6 The allosteric modulating ability of 106 was 

confirmed by treatment with 106 between applications of 7, which resulted in a 

significantly smaller decrease in the channel’s response to 7 and indicated 106’s ability to 

prevent desensitization of TRPM8 (Figure 38).6 In both the fluorescent Ca2+ assays and 

electrophysiology experiments, the activity of each compound was assessed using blind 

experiments and using menthol (7), icilin (6), and ethanol as controls.6 

 

Figure 24. Compounds from the first library of menthol analogs that demonstrated 

the ability to modulate TRPM8 (91, 101, 106). Known synthetic TRPM8 agonists (7, 

6). EC50 and IC50 values were measured as described in Chapter Four and Appendix 

A. 

Due to the growing interest in the druggability of TRPM8, the development of three novel 

channel modulators from one synthetic route was a major discovery. Agonists of TRPM8 

have been widely studied for their therapeutic ability, but recent studies have shown that 

antagonists of TRPM8 should also be considered targets for SAR studies due to their 

viability as treatments for both cold hypersensitivity and hyperalgesia.7,79,118 These 

disorders appear in neuropathic conditions such as complex regional pain syndrome, 

trigeminal neuralgia, peripheral nerve injury, or chemotherapy-induced 
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neuropathy.4,71,79,118-119 Additionally, since the TRP ion channels have three states; open, 

closed and inactivated/desensitized, rather than two discrete states, it has been suggested 

that both agonists and antagonists could have similar therapeutic effects.7,79 The recent 

literature regarding the therapeutic potential of inhibiting TRPM8 in vivo and the success of 

our first library of menthol analogues led to the development of a second library of menthol 

derivatives based on the TRPM8 antagonist, benzoate 101. 

3.2 General route towards the second library of menthol analogues  

With the goal of developing even more potent antagonists of the TRPM8 channel, a second 

generation library of menthol analogs was synthesized based upon 101 (Figures 25 and 

26A). To conduct a thorough SAR study of the menthol analogs with the TRPM8 channel, 

the second library consists of benzoate esters containing the terminal olefin as in 101, with  

 

Figure 25. The benzoates containing electron-donating groups prepared as part of the 

second generation library of menthol analogues. 
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additional electron-withdrawing or -donating aromatic groups (Figures 25 and 26A, 

respectively). The substituents used were based on whether or not they would be expected 

to enhance the solubility of the menthol analogue, their deactivating and activing strengths; 

and their likeness to groups present in known TRP channel modulators such as the 

synthetic compounds icilin (6),2,49 M8-Ag (35),118 and the natural product voacangine 

(136)193-194 (Figure 26B).  

 

Figure 26. A. Allylic menthyl benzoate analogues with electron-withdrawing 

substituents prepared as part of the second library. B. Known TRP modulators that 

inspired the second generation of analogues. a. EC50 measured using HEK293 cells 

transfected with rTRPM8.55 b. EC50 measured using HEK293 cells transfected with 

hTRPM8.118 c. IC50 measured using HEK T-REx cells transfected with mTRPM8 vs. 

0.3 µM icilin, and vs. 10 µM menthol.194 
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The optimized synthesis route discussed in section 3.1 for benzoate 101 was closely 

followed to prepare new analogs from the allyl alcohol 91 (Scheme 16).6 The lower cost of 

the requisite materials compared to other literature methods and the scalability of the 

synthesis allowed for a cost-efficient route to 91 for the production of a large number of 

benzoate derivatives.6 Minor changes that were made to the optimized procedure to form 91 

are noted in Appendix A, and resulted in similar yields to the established method.  

The para-nitrobenzoate analogue (127) was prepared by analogy to the established 

procedure (Scheme 17 eqn 1). Since the literature conditions resulted in an excellent yield 

of 101 (89%), it was anticipated that 4-nitrobenzoyl chloride (138) would have similar 

reactivity compared to benzoyl chloride (137); but the yield dropped considerably (Scheme 

17 eqn 2). The reaction was monitored by TLC and after reacting overnight, a significant 

amount of starting material remained unreacted. This was unexpected as the reaction to 

form 101 was completed after 12 hours,6 but can be rationalized by the enhanced 

electrophilicity of the acyl carbonyl in 138; which likely allowed it to react with other 

nucleophiles present, such as 4-(N,N-dimethylamino)pyridine (DMAP). To encourage 

complete conversion of the starting materials to 127, additional DMAP was added to the 

reaction after 21 hours, and the reaction was continued for an additional 24 hours. After 2 

days, no starting material was evident in the crude reaction sample by TLC nor by 1H-

NMR. Although sufficient material was obtained for the full characterization and testing of 

127, the 14% yield was not acceptable and required optimization.  

To improve the rate of reaction, it was decided that deprotonating 91 to form an alkoxide 

nucleophile would allow for faster coupling with 138 and ideally lead to a higher product 

yield (Scheme 17, eqn 3). To deprotonate 91, sodium hydride (NaH) was added as a slurry 
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in THF to 91 (in THF) and the mixture was stirred for 30 minutes at room temperature 

(Scheme 17, eqn 3). Next, a solution of 138 in THF was added dropwise. After 2 hours, no 

product was evident by TLC of the reaction mixture, so the temperature was increased to 

80 °C. After 21 hours at this temperature TLC conveyed roughly 50% conversion, but 

purification yielded less than 10 mg of product and some recovered starting material (91, 

27%). This suggested that either or both 127 and 91 decompose in the presence of a strong 

base at an elevated temperature. 

Scheme 17. Methods for the preparation of benzoate derivative 127. 1) Procedure 

used to form 101 for the first library.6 2) Literature conditions applied to form 127. 3) 

Attempted method using NaH. 4) Optimized conditions. 
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In order to confirm whether or not 91 or 127 are unstable at elevated temperatures, the 

procedure used to make the benzoate derivative 101 for the first library of analogues was 

revisited but with the reaction temperature increased to 80 °C and using 4 equivalents of 

138 (Scheme 17, eqn 4). These conditions greatly improved the yield of 127 from 14% to 

86%, resulting in a much more acceptable yield and an improved route to the substituted 

analogues of 101. This improved yield is a result of the favorable reaction kinetics that 

allow for 138 to interact with the desired nucleophile 91 and lead to the desired product. 

Using an excess of the desired benzoyl chloride derivatives was determined to be essential 

for an acceptable yield of the para-methyl ester analogue (128), and the para-methoxy 

benzoate analogue (116, Scheme 18). Analogue 128 was produced in a 7% yield when 1.04 

equivalents of methyl 4-(chlorocarbonyl) benzoate (139) was used, but a 73% yield resulted 

from the use of a stoichiometric excess of 139 (Scheme 18, eqn 1). The route to the starting 

material required to form 128 is discussed in section 3.5. Using a slight excess of 2 

equivalents of p-anisoyl chloride (140) produced a modest 58% yield of 116 (Scheme 18).  

Scheme 18. Synthesis of benzoate derivatives using slight excess equivalents of the 

desired benzoyl chlorides. 
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The benzoate ester formation reaction was carried out at 80 °C for 16 hours for the first five 

derivatives (116-118, 127, and 129, Figures 25 and 26A). However, for the synthesis of 

130, the reaction was complete after 1 hour by TLC and 1H NMR (Scheme 19). Purification 

produced an 80% yield of 130, indicating that the shorter reaction time did not negatively 

impact the product yield. The improved reaction kinetics upon employment of an excess of 

the desired benzoyl chloride at an elevated temperature was also indicated by the second set 

of conditions employed to form 128 (Scheme 18, eqn 1). The 1 hour reaction time and 

elevated reaction temperature (80 °C) were the conditions used for the remainder of the 

second library of menthol analogues (see Appendix A). 

Scheme 19. Preparation of the 2-fluorobenzoate derivative (130) using the optimized 

benzoate ester formation reaction conditions. 

 

3.3 Preparation of benzoyl chlorides 

For twelve of the remaining fifteen derivatives, benzoic acid derivatives (141) were 

converted to benzoyl chlorides (142, Scheme 20). The same general procedure was 

followed for the construction of each benzoyl chloride derivative, with each reaction 

monitored by TLC until completion (Scheme 20, eqn 1).195 The reaction mixtures were 

directly concentrated in vacuo and the crude residue was dissolved in pyridine before 

adding to a solution of 91 and DMAP in pyridine. Using this method, good to excellent 

yields of the desired menthyl benzoate derivatives (143) were achieved (Scheme 20, eqn 2).    
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Scheme 20. General procedure for the conversion of benzoic acid derivatives (141) to 

the desired benzoyl chloride (142, eqn 1) for coupling with allylic alcohol 91 to 

prepare menthyl benzoate derivatives (143, eqn 2). 

 

3.4 Protection of hydroxybenzoic acids 

The phenolic hydroxy group is a common motif in modulators of TRP channels, including 

the TRPM8 agonists icilin (6), thymol (10), and eugenol (26) and antagonists THV (21) 

and capsazepine (3, Figure 27). Thus, the introduction of phenolic hydroxy groups to the  

 

Figure 27. Known TRPM8 channel modulators with phenolic hydroxy groups 6, 10, 

26, 21, and 3. Antagonist from the first library (101). a. EC50 measured in rTRPM8-

transfected HEK cells.91 b. IC50 measured vs 0.25 µM icilin in rTRPM8-transfected 

HEK cells.96 c. EC50 measured in mTRPM8-transfected HEK cells.95 d. IC50 measured 

vs 100 µM menthol in hTRPM8-transfected HEK cells.6  
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TRPM8 antagonist developed in the first library of analogs (101) was conducted in an 

attempt to enhance the activity of 101 against TRPM8.  

Given the robust nature of tert-butyldimethylsilyl (TBS) groups as protecting groups for 

alcohols,196 TBS was chosen for the protection of the phenol group in salicylic acid (144, 

Scheme 21). The TBS-protected salicylic acid (145) would then be converted to the 

benzoyl chloride and coupled with 91 to form the desired ortho-hydroxy benzoate analogue 

(120) upon removal of the TBS group. The procedure by Figueroa et al. for the TBS-

protection of 4-methoxysalicylic acid was followed in an attempt to form TBS-protected 

salicylic acid (145).197 Even though the literature reaction and purification procedures were 

closely followed, the product yield was much lower than expected and contained an  

Scheme 21. Eqn 1) Application of Figueroa et al.’s conditions to salicylic acid (144). 

Eqns 2) and 3) Figueroa et al.’s literature procedure for the TBS-protection of 4-

methoxysalicylic acid (147).197 
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inseparable impurity (Scheme 21). The impurity was determined to be the di-protected 

salicylic acid (146), containing both a TBS-ether and TBS-ester (Scheme 21). This was 

verified by comparison to the literature procedure where Figueroa et al. formed the di-TBS-

protected 4-methoxysalicylic acid (148), and its spectra closely matched those of 146.197 In 

the literature, 148 was carried through to the acyl chloride formation step to form 149 

which was used in situ to produce a benzamide with the desired TBS-protecting group 

intact (150).197 It is presumed that if the literature was repeated to form 146, this method 

could potentially be a useful technique for the preparation of the hydroxybenzoate 

analogues via TBS-protection and subsequent de-protection. Additionally, an improved 

aqueous workup could be used to remove the labile TBS group from 146 to generate 145, 

which would be forwarded to the benzoyl chloride reaction conditions. However, a 

different route was followed that led to the preparation of each of the desired 

hydroxybenzoate analogues. 

Since the literature method to protect 144 with a TBS group was thought to have produced 

an inseparable impurity, an acetoxy protection of p-hydroxybenzoic acid (151) was 

conducted (Scheme 22). The reaction smoothly furnished 152 as a white powder in an 

excellent yield and it was forwarded to the benzoyl chloride and benzoate formation steps 

(Scheme 22, eqn 1). The low yield of 121 (33%) was a result of unreacted starting material 

91 (not recovered) and the formation of by-product 154. The production of 154 was 

presumed to be a result of 91 interacting with the acetoxy carbonyl of 153 instead of the 

carbonyl of the acid chloride group. 
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Scheme 22. Protection of p-hydroxybenzoic acid (151) with an acetoxy group and 

usage in the formation of p-acetoxybenzoate derivative (121). 

 

The next step required to form the desired p-hydroxybenzoate derivative (122) was to 

cleave the acetoxy group in 121. The procedure suggested by Wuts and Greene for the 

selective cleavage of the less sterically-hindered acetoxy ester in the presence of the 

sterically-hindered benzoate was followed (Scheme 23).196 The literature procedure 

furnished 122 in good yield after 4 hours. For the cleavage of the acetoxy group of 123 to 

form the desired m-hydroxybenzoate derivative (124), the reaction was monitored by TLC 

and quenched after 24 hours, when no starting material was evident. It was found that 

extending the reaction time compared to the literature procedure simplified the purification 

and increased the yield of the desired benzoate analogue (Scheme 23). 
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Scheme 23. Removal of the acetoxy group to obtain the para- and meta-

hydroxybenzoate derivatives 122 and 124. 

 

3.5 Synthesis of the methyl ester benzoate derivative 

A methyl ester benzoate derivative (128) was included in the second library of menthol 

analogs to compare the biological activity of the electron-withdrawing methyl ester group 

to the electron-donating acetoxy group (Scheme 24). The methyl ester moiety is also 

present in the iboga alkaloid voacangine (136), which is an antagonist of TRPV1 and 

TRPM8, and an agonist of TRPA1 (Figure 26).7,193-194 Initially, a literature procedure was 

followed to form the benzoyl chloride derivative of methyl terephthalate (155), but it was 

not as high yielding as expected based on the obtained yields of the methyl terephthalate 

salt (156, 76%) and the final benzoate derivative (128, 7%); compared to the 99.1% yield 

of 156 and 93% of a final benzamide product by Li et al.198 This was most likely a result of 

employing only a slight excess of 1.04 equivalents of 157 in the initial preparation of 128 

(Scheme 18). As discussed in section 3.2, the reaction kinetics of the benzoate ester 

formation step were significantly improved when a significant excess of the desired 

benzoyl chloride was employed at an elevated temperature. Thus, the literature procedure to 
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form 156 was repeated198 and the salt was subjected to the benzoyl chloride formation 

conditions as used for the other benzoate derivatives (Scheme 24, eqn 1 and 2). As 

demonstrated with the preparation of various other benzoate analogues for the second 

library of menthol analogues, increasing the equivalents of the desired benzoyl chloride, in 

this case 157, resulted in a good yield (Scheme 24). 

Scheme 24. Synthesis of derivative 128 via the optimized preparation of 158. 

 

 

3.6 Summary and Conclusion 

Towards the goal of developing novel therapeutics based on natural products, the Derksen 

group developed a synthetic route that led to three menthol-based TRPM8 modulators: an 

agonist (91), antagonist (101), and allosteric modulator (106, Figure 28A).6 With the recent 

literature on the role of TRPM8 inhibitors in the treatment of neuropathic pain caused by 

nerve-injury and chemotherapy;7,71,120  a second library of menthol analogues was prepared  
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Figure 28 A. Lead compounds from the first generation library of menthol analogues. 

Analogues of 101 synthesized for the second generation library containing electron-

donating (B) and -withdrawing groups (C). 
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in an effort to build on the antagonistic activity of 101 (Figure 28B and C). Each of the 

analogues of 101 was prepared by following one of the optimized general procedures 

described in this chapter and in Appendix A. As described, established synthetic methods 

were followed for the preparation of the analogues, but they required tailoring in order to 

produce the desired analogues in optimal yields. The reaction condition optimizations as 

discussed led to the successful compilation of a second generation library of menthol 

analogues based upon the TRPM8 channel modulator 101; and each analogue is ready for 

the biological evaluation of their interaction with TRPM8 (Figure 28).  

As previously discussed, and as described in Chapter Four, issues with reproducibility can 

arise when conducting biological evaluations with live cells. These issues can be 

circumvented by evaluating all of the desired test compounds in the same batches of cells. 

Therefore, biological evaluation of the benzoate analogues will be conducted alongside the 

analogues of the diol 106 and the benzamide analogues of 91 that are currently being 

prepared by Nadia Abdallah as part of her undergraduate research within the Derksen 

group.  
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Chapter Four: Biological evaluation of novel TRPM8 modulators 

4.1 Methods used for the biological evaluation of ion channels 

TRP channels consist of polypeptide domains that span the lipid bilayer of cells and 

mediate the conductance of cations across the cell membrane. Upon TRP channel opening 

by activating stimuli, cations flow through the channel at rates of over ten million ions per 

second, making the measurement of Ca2+ currents a diagnostic tool for assessing TRP 

channel modulators.3,5 Two commonly used methods that take advantage of this 

characteristic are fluorescent Ca2+ imaging and electrophysiology, which were employed in 

the biological evaluation of the first generation library of TRPM8 channel modulators.  

4.1.1 Fluorescent calcium imaging as a preliminary evaluation method 

Prior to assessing the impact of the synthesized menthol analogs on the TRPM8 channel 

using Ca2+ imaging, human embryonic kidney cells (HEK293) cells were transfected with 

hTRPM8 DNA, as described in Appendix A. There are a number of issues that can arise 

when conducting tests with live cells;5,30,34,199 and those encountered when preparing HEK 

cells for the preliminary Ca2+ assays included successfully and reproducibly transfecting 

different batches of test cells with a substantial amount of hTRPM8 DNA. Two different 

protocols were tested for the transfection of the HEK cells, the calcium phosphate 

method200 outlined in Appendix A and the FuGENE protocol.60 The differences between 

these transfection protocols are the reagents used to transfect the HEK cells with the 

TRPM8 DNA, and the FuGENE protocol does not require changing the cell medium 

twenty-four hours after transfection as is required with the calcium phosphate method.200-201 

In order to assess the transfection techniques used to prepare HEK cells for the evaluation 

of the allylic menthol analogs, a batch of cells was transfected with enhanced green 
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fluorescent protein (eGFP) as well as hTRPM8 DNA. eGFP is a marker for gene expression 

that enables the imaging of the TRPM8 gene within the cell membranes.202 It was found 

that the majority of the cells were successfully transfected and could be utilized for the 

measurement of modulator-induced changes in Ca2+ currents mediated by the TRPM8 

channel. To circumvent the reproducibility issue that can arise due to the different batches 

of HEK cells containing varying amounts of TRPM8 channels incorporated into the cell 

membranes, the compounds were tested in triplicate with each different batch of cells, they 

were tested at a range of concentrations, and tested alongside the known TRPM8 agonists 

menthol and icilin. 

Two days after transfecting HEK cells with hTRPM8, the cells were loaded with the 

organic fluorescent dye Fluo-4-AM ((acetoxymethyl) ester, 158), and allowed to mix 

(Figure 29). Fluo-4-AM is a molecular probe that undergoes a large fluorescent 

enhancement when it chelates calcium ions, and it can be used in its AM ester form (158) 

or its salt form (159).203 The commercially available 158 passes through the cell membrane 

where esterases cleave the ester groups, allowing it to chelate Ca2+ and become a 

fluorophore that absorbs light near 488 nm.203 For the calcium assays conducted, a solution 

of TRPM8-tranfescted HEK cells containing 158 was added to a cuvette and placed in a 

fluorimeter. Once the baseline was measured, the compound of interest was injected into 

the cuvette as a solution in ethanol and the injection time was recorded (Figure 29B). Any 

change in the baseline fluorescence caused by the alteration of the TRPM8 Ca2+ current by 

the injected modulator was measured. It was found that the most consistent results were 

obtained when the compounds of interest were injected at higher concentrations (100-500 

µM) and tested in triplicate, possibly due to the sensitivity of the technique, the solvent 
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used, or the ratio of successfully transfected HEK cells compared to unsuccessfully 

transfected cells that were still present. One of the major downsides of the fluorescent Ca2+ 

assay method was the inability to measure the dose-response of the menthol analogs at 

pharmacologically relevant concentrations (<100 µM). Calcium ion imaging proved to be a 

rapid and cost-effective technique for the preliminary screen of the first library of 

analogues. The preliminary data obtained then allowed us to determine which compounds 

interacted with TRPM8, and those were evaluated with more rigorous techniques. 

 

Figure 29. A. Structures of the Fluo-4 fluorescent dye used (158) and its active form 

(159). B. Pictogram of the fluorescent calcium assays, showing the effect of a TRPM8 

agonist.  

4.1.2 Whole-cell patch clamp electrophysiology  

Electrophysiology was completed by Dr. Mircea Iftinca in the Department of Physiology 

and Pharmacology at the University of Calgary using the whole-cell patch clamp method. 

The HEK293 cells were prepared in a similar manner as for the fluorescent calcium assays, 

but the cells were loaded with eGFP instead of 158 (view Appendix A for details). eGFP is 
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a commonly used fluorescent indicator for electrophysiology due to its intense and stable 

fluorescence emission.202  

Electrophysiology measures discrete changes in the electric conductance across the cell 

membrane of an isolated cell.204-205 The whole-cell patch clamp method was developed by 

Erwin Neher and Bert Sakmann in the late 1970s; work for which they received the Nobel 

Prize in Physiology or Medicine in 1991.204 The greatly improved sensitivity and signal-to-

noise ratio of the whole-cell patch clamp method enables the measurement of the 

conductance of single ion channels.204-205 In general, the electrophysiology setup contains a 

recording bath with the reference electrode, cell, and test compound and a pipette with the 

recording electrode.206 The technique works by first “voltage-clamping” the cell to be 

analyzed by applying a counter current that maintains the membrane potential at a set 

value, such as 0 mV as used for the first library of menthol analogues (see Appendix A for 

details). Then, a glass pipette with micrometer diameter and known resistance, which 

contains the recording electrode, is loaded with a buffer solution and applied to the 

membrane of a single cell.204 Suction is applied through the pipette in order to rupture the 

lipid bilayer of the isolated cell and allow access to the intracellular matrix. The test 

compound to be analyzed is delivered to the cells via gravitational perfusion: the sample is 

loaded into the recording bath surrounding the cells and flows into the clamped cell. Any 

resulting changes in the Ca2+ current induced by the interaction of the test compound with 

TRPM8 are measured by the difference between the recording electrode of the pipette and 

the grounding electrode in the bath.204  

The improved ability to access the inside of a single cell for electrical analysis is one of the 

main advantages of using the whole-cell patch clamp method.199,205 One disadvantage of 
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this method is the limited time frame for measuring the changes in electric current once the 

cell membrane is ruptured. It is possible for buffer solution to leak from the seal between 

the pipette and the cell membrane, which interferes with accurate conductance 

recordings.207 When compared to the fluorescent calcium assays, the advantages of using 

electrophysiology include the highly improved sensitivity, the ability to measure changes in 

currents through the ion channels of an individual cell membrane, and the ability to 

accurately determine the dose-response of each test compound.199,204-205,207 

4.2 Evaluation of the TRPM8 interaction of the first library of menthol analogues 

As described in Chapter Three, the initial library of menthol derivatives was prepared from 

key intermediates by utilizing established synthetic methods (Figure 30). Once the first 

library was completed, each of the analogues was evaluated for its activity using 

preliminary fluorescent Ca2+ imaging of HEK cells transfected with TRPM8 and loaded 

with Fluo-4-AM (158).6 The analogues that were considered to have a significant 

interaction with TRPM8 were carried forward for electrophysiology measurements. All of 

the biological tests were carried out as blind experiments, with menthol (7) used as the 

positive control, and ethanol used as a negative control. In some cases, the synthetic 

TRPM8 modulator icilin (6) was also used as a comparison (see Appendix A). 
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Figure 30. Known TRPM8 agonists (7, 88, 6). Intermediates of the synthesis of 88 (91, 

96). The first generation library of menthol analogs (91, 98-107). 

4.2.1 Fluorescent calcium imaging of the first library of menthol analogues 

The initial screen, conducted with assistance from Dr. Rithwik Ramachandran, was carried 

out at a high concentration (500 µM) to allow for the detection of any change in the 

TRPM8-mediated Ca2+ mobilization (Figure 31).6 Each of the graphs in Figure 31 show the 

change of the measured fluorescence upon application of each compound compared to the 

baseline. Since 159 fluoresces upon chelation with Ca2+ ions, an increase in the baseline 

emission upon injection of the test compound indicates that the compound has an agonistic 

interaction with TRPM8. This is because agonizing the TRPM8 channel results in 

activation of the channel’s pore and an increase in the intracellular concentration of Ca2+. 

When the agonistic activity of the analogues was measured, the preliminary results 

indicated that the only exocyclic olefin analogue that led to a significant influx of Ca2+ into 



 

89 

the transfected cells was 91 (Figure 31A and B).6 These measurements were conducted as 

described previously: by injecting a sample of known concentration of the test compound 

into a cuvette containing transfected cells located inside the fluorimeter. 

 

Figure 31. Menthol (7), cubebol (88), icilin (6), and ethanol (Z) were used as controls; 

HEK cells transfected with hTRPM8 were used in each experiment. A. Ca2+ 

mobilization after injection of 7, 88, and analogues 91, 96 at 100 µM, 6 at 90 µM 

(*indicates non-transfected HEK cells used as control). B. Ca2+ mobilization after 

injection of 7, Z, and analogues 98-107 at 500 µM. C. Ca2+ mobilization evoked by 100 

µM menthol after stimulation with 7, Z, and analogues 98-107 (500 µM). [This data 

was analyzed and plotted by Dr. Rithwik Ramachandran.] Adapted with permission 

from LeGay, C. M.; et al. Org. Lett. 2016, 18, 2746-2749. Copyright 2016 American 

Chemical Society. 

The antagonistic activity of each analogue was tested by pretreating the hTRPM8 

transfected HEK cells with the test compound and measuring the response upon subsequent 

addition of menthol (Figure 31C). If the fluorescence response did not increase 

comparatively to when two injections of menthol alone were conducted, it suggested that 

the test compound was antagonizing or blocking the menthol-mediated TRPM8 current. 

The benzoate derivative 101 caused a reduction in the Ca2+ mobilization when compared to 

menthol’s fluorescence response, indicating that 101 acts as an antagonistic modulator of 

TRPM8 (Figure 31C). Pretreatment with the diol derivative 106 also revealed intriguing 

results, as it led to a significant increase in the menthol-induced current compared to 

subsequent treatments of 7 (Figure 31C). This behavior suggested that 106 was acting as an 
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allosteric channel modulator to decrease the desensitization of TRPM8 to subsequent 

injections of menthol. 

In an attempt to measure the dose-response of the most active analogues from the 

preliminary screen, fluorescent calcium imaging of the compounds was repeated using 

varying concentrations of each test sample. However, the results of these calcium assays 

exhibited difficulties with reproducibility as this analysis method proved to have poor 

sensitivity at low concentrations (<100 µM) of the analogues and of the controls, menthol 

(7) and icilin (6). These issues were thought to be due to either or both the consistent 

background fluorescence and the inhibition of the TRPM8 channels by the increased 

volumes of ethanol used to obtain lower concentrations of the test compounds.  

4.2.2 Electrophysiology of the most active analogues from the first library 

The most active analogues of the first library, allyl alcohol 91, benzoate 101, and diol 106, 

were forwarded to electrophysiology using the conventional whole-cell patch clamp 

method in order to evaluate the dose-response of each compound. Electrophysiology of 91 

alongside 7 demonstrated its potency as an agonist of the TRPM8 channel (Figure 32). For 

each graph in Figure 32 the voltage potential applied to the hTRPM8-transfected HEK cell 

membrane was increased in a step-wise manner from a holding potential of 0 mV to +100 

mV. Figure 32A is a representation of a single measurement of the change in the TRPM8-

mediated Ca2+ current as a function of time, with menthol or 91 injected. Figure 32B 

displays the relationship between the change in the TRPM8-mediated Ca2+ current and the 

applied voltage for five separate voltage step programs. As discussed in Chapter One, TRP 

channels are weakly voltage-activated so the application of voltage alone results in some 

influx of Ca2+, evidenced by the base current detected when no test compounds are present  
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Figure 32. Electrophysiology measurements conducted by Dr. Iftinca of the effect of 

91 and (-)-menthol (7) on the Ca2+ current in hTRPM8-transfected HEK cells at room 

temperature. A. Representative whole-cell patch clamp currents recorded in the 

absence and presence of 100 µM 7 (left) and 100 µM 91 (right). B. Relationship 

between current (I) and voltage (V) for 7- and 91-induced normalized TRPM8 

currents (both at 100 µM). The n values are in parentheses. C. Dose-response curves 

for 7 (left) and 91 (right) (n=5 for each data point). Curves represent fits of a Hill 

equation. EC50
 value for 7 was 32.74±2.58 µM, and 10.54±0.67 µM for 91. [Data are 

expressed as means ± SEM. *p<0.05, (paired t-test). Data was measured and analyzed 

by Dr. Mircea Iftinca.] Adapted with permission from LeGay, C. M.; et al. Org. Lett. 

2016, 18, 2746-2749. Copyright 2016 American Chemical Society. 
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(Figure 32A and B). Upon application of 91 the basal TRPM8 current induced by the 

depolarization steps increased by a factor of 3.6 (from 48 ± 13 to 170 ± 18 pA/ pF, n = 5); 

and by 4.1 (from 34 ± 9 to 140 ± 16 pA/pF, n = 5) upon exposure to 7 (Figure 32B).6 The 

potency of 91 compared to menthol was indicated by its ability to increase the TRPM8 

current in a dose-dependent manner similar to 7, but with a EC50 of 11 ± 1 μM, 

significantly lower than the EC50 measured for (–)-menthol (33 ± 3 μM) (Figure 32C).  

The only analogue that displayed antagonistic character versus TRPM8 in the preliminary 

screen, benzoate 101, was subjected to electrophysiology to more accurately measure its 

activity towards menthol-induced TRPM8 currents (Figure 33). The same voltage step 

program as described above was conducted by Dr. Iftinca. Figure 33A is a representation of 

the change in the TRPM8-mediated Ca2+ current as a function of time upon application of 

menthol alone (left) and in the presence of 101 (right, Figure 33A). The peak baseline 

current density at +100 mV was 13 ± 2 pA/pF, with the addition of menthol it rose to 140 ± 

20 pA/pF, and with the addition of 101 followed by menthol, the current density was 

maintained at 17 ± 3 pA/pF (Figure 33A and B).
6 The antagonistic behaviour of 101 was 

shown to be dose-dependent with a half-maximal inhibitory concentration (IC50) of 2 ± 1 

μM (Figure 33C).6 

The interaction of diol 106, the final active compound from the preliminary calcium assays, 

with menthol-induced TRPM8 currents was also measured using electrophysiology and the 

results identified a third channel modulator from the initial library of menthol analogues. In 

the fluorescent calcium assays, 106 demonstrated the ability to allosterically modulate 

TRPM8 given its enhancement of the Ca2+ mobilization into transfected HEK cells when 

they were pre-treated with 106 prior to the addition of menthol (Figure 31C). 
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Figure 33. Electrophysiology measurements conducted by Dr. Iftinca of the effect of 

101 on menthol–induced Ca2+ currents in hTRPM8-transfected HEK cells at room 

temperature. A. Representative whole-cell patch clamp menthol-induced (100 µM) 

currents recorded in the absence (left) and presence (right) of 100 µM of 101. B. 

Relationship between current (I) and voltage (V) for menthol-induced normalized 

TRPM8 currents (100 µM) in the absence of 101 (black) and with pre-incubation of 

101 (gray). The n values are in parentheses. C. Dose-response curve of 101 (n=5 for 

each point). Curve represents fit of a Hill equation. IC50
 value was 1.6±1.16 µM. [Data 

are expressed as means ± SEM. *p<0.05, (paired t-test). Data was measured and 

analyzed by Dr. Mircea Iftinca.] Adapted with permission from LeGay, C. M.; et al. 

Org. Lett. 2016, 18, 2746-2749. Copyright 2016 American Chemical Society. 

The desensitization of TRPM8 channels by over-exposure to cold temperatures (<25 °C) or 

to menthol when extracellular Ca2+ is present is a well-known phenomenon.6,16,55,58,69 In the 

heat-activated TRPV1, channel desensitization is linked to the anti-inflammatory and anti-

nociceptive activity of various channel modulators.64,68-69,83,96 Owing to the opposite role of 

TRPM8 as a cold receptor compared to TRPV1, desensitization of TRPM8 causes 

irregularities in mammalian core body temperatures and inhibits the anti-inflammatory  
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Figure 34. Electrophysiology measurements conducted by Dr. Iftinca of the effect of 

106 on menthol–induced Ca2+ currents in hTRPM8-transfected HEK cells at room 

temperature. A. Representative time-course of a menthol-evoked (100 µM) current, at 

a holding potential of +100 mV, in the absence (left) and presence (right) of 106. B. 

Relationship between current (I) and voltage (V) for normalized TRPM8 currents 

induced by consecutive applications of menthol (100 µM) in the absence (left) and 

presence (right) of 106. The n values are in parentheses. C. Percentage increase in 

peak current, obtained by a step to +100 mV from a holding potential of 0 mV, 

following the 1st and 2nd menthol injections in the absence and presence of 106. [Data 

are expressed as means ± SEM. *p<0.05, (paired t-test). Data was measured and 

analyzed by Dr. Mircea Iftinca.] Adapted with permission from LeGay, C. M.; et al. 

Org. Lett. 2016, 18, 2746-2749. Copyright 2016 American Chemical Society. 



 

95 

effect of cool temperatures.69,112,208 The ability of 106 to prevent channel desensitization 

was supported by the electrophysiology measurements, which showed a smaller decrease in 

menthol-induced Ca2+ currents in the presence of 106.6 Each graph in Figure 34 indicates 

the change in the menthol-mediated TRPM8 Ca2+ currents in either the absence or presence 

of 106. The currents measured during the experiment represented by Figure 34A were at a 

holding potential of +100 mV. Voltage step programs were conducted for the experiments 

represented by Figures 34B and C. When the TRPM8 transfected HEK cells were treated 

with consecutive applications of menthol (100 μM), there was a 56 ± 3% decrease in the 

peak of the menthol-induced currents (Figure 34A-C).6 However, treating the cells with 

diol 106 (100 μM) between applications of menthol resulted in a significantly smaller 

decrease in the current density (27 ± 2%); indicating 106’s ability to prevent desensitization 

of the TRPM8 channel (Figure 34A-C).6 

4.3 Summary and Conclusion 

Due to the growing amount of data on the TRPM8 channel and on the implications of 

modulating it, the development of three potent channel modulators from one synthetic route 

was considered very significant. The EC50 value of the allyl alcohol 91 (11 ± 1 µM) was 

determined to be lower than that of the known TRPM8 channel agonist menthol, which had 

an EC50 of 33 ± 3 µM in our system.6 The IC50 value of the menthyl benzoate 101 was 2 ± 

1 µM, which is comparable to a number of the TRP channel modulators described in 

Chapter One.6 The diol 106 was found to be an allosteric modulator of TRPM8 activity due 

to its ability to boost the channel’s response to consecutive applications of menthol 

compared to menthol alone.6  
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The Derksen group’s interest in organic synthesis with medicinal applications has led to the 

exploration of additional menthol analogues based on the activity of the first generation 

library. The pharmacological impacts of agonizing TRPM8 are well known, and recent 

literature has implicated antagonists of TRPM8 as viable therapeutic targets.79,118 The 

therapeutic potential of TRPM8 antagonists as analgesics and anti-inflammatory agents led 

to the development of analogues of the benzoate 101, which was described in Chapter 

Three. Preventing desensitization of TRPM8 to pharmacological agents through the co-

application of allosteric channel modulators is also an important consideration for future 

SAR studies of TRPM8.64,68-69,83,96 The preparation of analogues based on the allosteric 

TRPM8 modulator diol 106 and on benzamide derivatives of 101 is currently being 

conducted by a Derksen group undergraduate researcher, Nadia Abdallah. The biological 

evaluation of the entire second generation library containing benzoate, diol, and benzamide 

derivatives of 91 will be carried out simultaneously in order to reproducibly compare each 

compound’s interaction with TRPM8.  
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Chapter Five: Future plans for the CDC and SAR research projects 

5.1 Organo-mediated cross-dehydrogenative coupling (CDC) 

A variety of methods have been developed that achieve direct C-H functionalization via 

CDC and are highlighted in recent reviews,141,144-145,149-151,209 however, the limited substrate 

scope for organo-mediated CDC remains a disadvantage. Our goal was to develop a 

method that would allow for the direct formation of aldol-type adducts via the coupling of 

enolate nucleophiles and silyl-protected alcohols (Scheme 25A). To achieve this coupling 

using the aldol addition method, removal of the silyl protecting group and oxidation of the 

alcohol would be required prior to coupling, followed by re-protection of the hydroxy 

group (Scheme 25A). As discussed in Chapter Two, these steps were circumvented by the 

employment of silyl enol ether substrates, such as 75, in DDQ-mediated CDC (Scheme 

25B).  

Scheme 25 A. The steps involved in the aldol addition route towards the desired 

products, and the proposed method for the CDC methodology research. B. The 

conditions that lead to the highest yield of the desired aldol-like adduct 66. 
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As also described in Chapter Two, the extensive reactions conditions screened did not 

increase the yield of the desired product (66) to one that would garner this method an 

acceptable tool for the synthesis of natural products. The low yields determined for this 

method can be explained by the recovery of both unreacted starting material and the 

cleaved silyl protecting group in the form of TBDPSOH. It was presumed that the silyl 

protecting group was cleaved by the anionic oxygen of DDQ or of the enolate formed in 

situ. Based on the novel cross-coupling accomplished and the overall goal of the project, 

this methodology development remains a research interest in the Derksen group; but it is 

clear that a different route to achieve the desired C-H functionalization is required.  

5.2 Adding to the second generation library of menthol analogues 

As described in Chapter Three, the first generation of natural product analogues based on 

the TRPM8 agonist menthol (7) that was developed in the Derksen research group 

uncovered three channel modulators: a novel channel agonist (91), antagonist (101), and 

allosteric modulator (106, Figure 35).6 These exciting results, the pharmacological 

implications of modulating the TRPM8 channel, and the Derksen group’s goal of 

developing bioactive compounds led us to the development of a second library of 

analogues. The second generation of menthol analogues was initially planned to only 

contain derivatives of 101; but work on stereoisomers of 106 and benzamide analogues of 

91 is currently underway. 

In addition to developing a thorough second generation library, preparing additional 

menthol analogues based on 91 and 106 is of interest due to the enhanced in vivo stability 

of amide groups compared to esters;210 and the literature observations of isomeric natural 

products showing differing or enhanced activity against TRPM8 when used alone or 
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together.44,68,116,127,191 In order to evaluate the second generation of menthol analogs with 

high reproducibility, the biological evaluation of each compound using preliminary 

fluorescent calcium assays will be conducted once the entire library is prepared. 

 

Figure 35. A. The prepared analogs of the antagonist 101. B. The configurational 

isomers of allosteric modulator 106 that will be prepared for the second library. C. 

The benzamide derivatives of the agonist 91 that will be prepared.  

Additional diol derivatives of menthol will be prepared in the interest of the physiological 

importance of preventing the TRPM8 channel from being desensitized to therapeutic 

agents. Since the activation of TRPM8 is linked to the relief of neuropathic pain caused by 

trauma or chronic diseases; preventing the channel from becoming unresponsive to 

chemical agonists is crucial to their potency.50 As discussed in Chapter Four, 106 was able 

to enhance the activity of consecutive applications of menthol on TRPM8-mediated Ca2+ 

currents compared to when menthol was consecutively applied in the absence of 106.6 One 
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possible route towards the diol stereoisomers is via the route developed by Dr. Gorobets 

that led to the original anti-derivative (106).6 Since synthesizing these compounds is the 

focus of Nadia Abdallah’s research project as part of the Chemistry 502 course at the 

University of Calgary, she is developing an alternative route that will lead to the three 

additional stereoisomers in a cost- and time-efficient manner.  

Twenty analogues of 101 were prepared in order to assess the effect of various electron-

donating and electron-withdrawing substituents on the compound’s ability to interact with 

TRPM8 (Figure 35A). The substituents modeled those in known natural or synthetic 

TRPM8 modulators, or that resemble common groups in pharmacological agents, such as 

the fluorine (F) and trifluoromethyl substituents (CF3).
211-213 A similar approach will be 

followed for the preparation of benzamide derivatives (163), with substituents chosen based 

on their presence in current TRPM8 channel modulators. To the best of our knowledge, the 

benzamide and carboxamide analogues of menthol that have appeared in the chemical 

literature do not contain an exocyclic olefin moiety.7-8,50,81,117,185,214 A SAR study of 

benzamide analogues of 91 has the potential to lead to additional novel TRPM8 

modulators. Literature precedent for the ability of benzamide and carboxamide analogues to 

modulate TRPM8 include several benzamide antagonists (164-169) and a potent channel 

agonist (38, Figure 36).82,117 A library of menthyl benzamide derivatives was synthesized 

by Ortar et al. and evaluated for each compound’s interaction with TRPM8.117 The study 

resulted in five compounds demonstrating antagonizing ability against TRPM8 (164-169), 

and one compound demonstrated activity against prostrate cancer cells (164).117 In an 

attempt to build on the antagonistic ability of these compounds against TRPM8, inspiration 

for the aromatic substituents employed in the preparation of 163 will be taken from Ortar’s 
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study. The carboxamide derivative WS-12 (38), synthesized by Wilkinson Sword Ltd. in 

the 1970s exhibits enhanced potency and selectivity as an agonist of TRPM8 compared to 

menthol and icilin (Figure 36B).7,82,121,152 The second generation library of menthol 

analogues will therefore also include an exocyclic olefin benzamide analogue of the potent 

TRPM8 agonist 38. 

 

Figure 36. A. The active benzamide analogues of menthol synthesized and evaluated 

by Ortar et al (164-169).117 B. The patented TRPM8 agonist WS-12. mTRPM8 = 

mouse TRPM8 DNA. 

In the presumption that the second generation of menthol analogues will build on the 

success of the first library of analogues prepared in the Derksen research group, we eagerly 

await the development and evaluation of the diol and benzamide derivatives. 
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Appendix A: Supporting information 

A.1. General considerations 

Unless otherwise noted, all reagents and solvents were purchased from commercial sources 

and used without additional purification. Any anhydrous solvents used were prepared by 

standard methods (Na/benzophenone for THF, CaH2 for DCM and Toluene). “DriSolv” 

EMD Millipore grade DMF was used. CDCl3 was stored over 4 Å molecular sieves. 

Column chromatography was preformed using silica gel (technical grade, pore size 60 Å, 

230-400 mesh particle size, 40-63 μm particle size). Automatic column chromatography 

was carried out using a Biotage Isolera Prime instrument with UV detector (version 3.0, 

build number 10387, operating system 5.0-i386-69, serial number ISPS1602108). 1H and 
13C NMR spectra were obtained on a Bruker Avance (DRY) 400 MHz (1H), 100 MHz 

(13C), Bruker DRX 400 MHz (1H), 100 MHz (13C), or Bruker DMX 300 MHz (1H), 75 

MHz (13C) spectrometer with tetramethylsilane as an internal standard. 1H and 13C NMR 

spectra were obtained in CDCl3 and the chemical shifts (in ppm) are relative to the CHCl3 

peak (7.26 ppm for 1H and 77.16 ppm for 13C). Coupling constants (J values) are reported 

in Hz. Infrared (IR) spectra were recorded on a Nexus 470 FT-IR spectrometer. All samples 

for IR were handled as CHCl3 thin films on a KBr plate. GenTech 5890 Series II SSQ 7000 

and Agilent Technologies 6520 Accurate-Mass Q-TOF LC/MS instruments were used for 

low-resolution mass spectra (LRMS) and high resolution mass spectra (HRMS) analyses 

respectively and were accomplished by Mr. Jian Jun Li and Mr. Wade White at the 

University of Calgary. Elemental analyses (EA) were performed on PerkinElmer Series II 

CHNS/O 2400 instrument by Mr. Jian Jun Li at the University of Calgary. Melting points 

were obtained using a melting point apparatus and are uncorrected. Optical rotation data 

was obtained on a polarimeter Rudolph Autopol IV using a quartz cell with a 10 cm path 

length. New compounds were characterized by their melting point, optical rotation, 1H 

NMR, 13C NMR, IR, LRMS, HRMS, and EA data.  

 

A.2. Extension of Table 8: reactions conditions tested for silyl enol ethers  

Table 9. Additional reaction conditions used for the oxidative CDC of the silyl enol 

ether substrates with carbonyl nucleophiles. Entries 47-59 were reactions conducted 

by Dr. Juan Araneda (indicated by *). 

Entry SEE [O] Nuc Solvent T (°C) Time (h) YieldI 

36 56 DDQ 47 CH3NO2 rt 43 n.d. 

37 59 DDQ 47 CH3NO2 rt 43 n.d. 

38 73 DDQ 47 CH3NO2 -20 20 n.d. 

39a 73 (97% E) DDQ 47 Toluene rt 1 n.d. 

40b 73 (97% E) t-BuOOH, CuBr 47 Neat rt 20 n.d. 

41c 73 (97% E) t-BuOOH, CuBr 47 MeOH 70 5 n.d. 

42 73 (97% E) DDQ 47 CH3NO2 0 24 n.d. 

43 76 DDQ 47 CH3NO2 rt 4 n.d. 

44 77 DDQ 47 CH3NO2 0 46 n.d. 
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Entry SEE [O] Nuc Solvent T (°C) Time (h) YieldI 

45 79 DDQ 47 t-BuOH 40 5 n.d. 

46 79 DDQ 47 t-BuOH 40 5 n.d. 

*47 73 DDQ 47 CH3NO2 rt 2 16% 

*48d 73 DDQ 47 CH3NO2 rt  <1% 

*49 73 DDQ 47 CH3NO2 0 1 16% 

*50e 73 DDQ 47 CH3NO2 rt 1 6% 

*51f 73 DDQ 47 CH3NO2 rt  12% 

*52g 73 DDQ 47 CH3NO2 rt  n.d. 

*53h 73 DDQ 47 CH3NO2 rt 1 16% 

*54 73 DDQ 47 CH3NO2 rt 1 4% 

*55 73 DDQ DEM CH3NO2 rt  n.d. 

*56 73 DDQ 47 THF rt  n.d. 

*57 73 DDQ 47 hexanes rt  n.d. 

*58 73 (97% E) DDQ 47 CH3NO2 rt 4 16% 

*59 79 DDQ 47 CH3NO2 40 small <1% 

General reaction set-up: Silyl enol ether (SEE) added to stirring solution (0.55 M) of Nuc (2.0 eq) and [O] 

(1.2 eq). I. All yields were calculated using GC-MS of a known concentration of the crude reaction mixture. a. 

0.80 M solvent. b. 2.4 eq t-BuOOH, 10 mol% CuBr, 0.5 eq 47. c. 1.5 eq t-BuOOH, 10 mol% CuBr, 10 eq 47, 

2.7 M MeOH. d. DDQ was added in 5 portions. e. 0.60 eq DDQ, 1.0 eq 47. f. 47 was added at the end. g. 

DDQ added dropwise as a solution in CH3NO2. h. 1 eq 47. DEM = diethyl malonate. 

 

A.3. General procedures I-VI followed in Chapter 2 

A.3.1. General Procedure I: One-step procedure for oxidative CDC 

Oxidant (1.2 eq) was weighed into an oven-dried rbf, solvent was added under inert 

atmosphere, then the nucleophile starting material was added with stirring. The silyl ether 

or silyl enol ether was added dropwise and the rbf was lowered into an oil bath for heating 

if required. The reaction was monitored by TLC and when no starting material was 

apparent, the reaction mixture was diluted with Et2O, flushed through a short SiO2 plug and 

concentrated in vacuo. The crude residue was purified by column chromatography eluting 

with a mixture of EtOAc/hexanes.  

 

A.3.2. General Procedure II: Two-step procedure for oxidative CDC 

Oxidant (1.2 eq) was weighed into an oven-dried rbf, solvent was added under inert 

atmosphere, then silyl ether or silyl enol ether was added dropwise with stirring. The rbf 

was lowered into an oil bath for heating if required. The reaction was monitored by TLC 

and when no starting material was apparent, the desired nucleophile coupling partner was 

added. The reaction was monitored by TLC, with temperature increased if necessary or 

additional nucleophile added in an attempt to promote product formation. The reaction 

mixture was vacuum filtered directly, washing with the solvent used. The filtrate was 

concentrated in vacuo and forwarded to SiO2 column chromatography eluting with an 

EtOAc/hexanes solution. The filtrate was diluted with Et2O, flushed through a short SiO2 

plug and concentrated in vacuo. The crude residue was purified by column chromatography 

eluting with a mixture of EtOAc/hexanes. 
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A.3.3. General Procedure III: Silyl protection of primary allyl and alkyl alcohols 

The desired primary alcohol was added to an oven-dried rbf under an inert atmosphere. The 

rbf was lowered into an ice bath before adding DCM, DMAP (1.2 eq, in one portion), and 

silyl chloride (1.2 eq, dropwise) with stirring. The ice bath was removed and the reaction 

was stirred at rt and monitored by TLC. Upon completion the reaction mixture was 

quenched with H2O, the aqueous layer was extracted 3 times with DCM, and the combined 

organic extracts were dried over Na2SO4. The organic layer was then filtered and 

concentrated in vacuo. The crude residue was forwarded to SiO2 column chromatography 

eluting with a mixture of EtOAc and hexanes. 

 

A.3.4. General Procedure IV: Silyl enol ether formation 

The desired aldehyde was added to an oven-dried rbf under an inert atmosphere. DCM was 

added, followed by dropwise addition of the desired silyl chloride (1.2 eq) and DBU (1.6 

eq). The reaction was stirred at rt and monitored by TLC. Upon completion the reaction 

mixture was quenched with H2O, the aqueous layer was extracted 3 times with Et2O, and 

the combined organic extracts were washed 2 times with sat. aq. NaCl and dried over 

Na2SO4. The organic layer was filtered and concentrated in vacuo. The crude residue was 

forwarded to SiO2 column chromatography eluting with a mixture of EtOAc and hexanes. 

This procedure closely followed the literature.215  

 

A.3.5. General Procedure V: Ruthenium-catalyzed silyl allyl ether isomerization 

[RuCl2(1,5-cod)]x (5 mol%) and P(2,4,6-MeOC6H2)3 (5 mol%) were weighed inside a 

glove-box into an oven-dried rbf. THF was added to the rbf under inert atmosphere, and the 

rbf was lowered into an oil bath. The desired silyl allyl ether and LiAlH4 (0.25 eq, 1.0 M 

solution in Et2O) were sequentially added dropwise with stirring. The oil bath temperature 

was set to 80 °C and the reaction was monitored by NMR (reaction samples were removed 

with a syringe and flushed through a short SiO2 plug prior to checking NMR). Upon 

completion the reaction mixture was flushed through a short SiO2 plug, then concentrated in 

vacuo. The crude residue was forwarded to SiO2 column chromatography eluting with 

hexanes. This procedure closely followed the adapted literature procedure.169-170 

 

A.3.6. General Procedure VI: Iridium-catalyzed silyl allyl ether isomerization 

[Ir(1,5-cod)2PF6] (1.5 mol%) was weighed into an oven-dried rbf. Acetone was added 

under inert atmosphere, followed by PEt3 (3 mol%). The reddish-brown solution was 

bubbled with H2 until colourless, then flushed with inert gas. The desired silyl allyl ether 

was then added dropwise with stirring. The reaction was carried out at rt and monitored by 

NMR (reaction samples were removed with a syringe and flushed through a short SiO2 plug 

prior to NMR). Upon completion the reaction mixture was diluted with hexanes and 

flushed through a short SiO2 plug, then concentrated in vacuo. The crude residue was 
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forwarded to SiO2 column chromatography eluting with 1% EtOAc/hexanes. This 

procedure closely followed the adapted literature procedure.216-217 

 

A.4. Chapter Two experimental 

 
1-allylisochroman (53) 

General procedure I was followed: 1.50 mmol (190 uL) of isochroman was added dropwise 

to a solution of DDQ (1.20 eq, 1.80 mmol, 409 mg) and allyltrimethylsilane (2.00 eq, 3.00 

mmol, 480 uL) in toluene (3.75 mL) under inert atmosphere. The reaction was carried out 

at 40 °C and monitored by TLC for 22 h. The reaction mixture it was vacuum filtered and 

the precipitate washed with toluene. The filtrate was concentrated in vacuo and the residue 

was purified by SiO2 column chromatography in 2.5 % EtOAc/hexanes to yield 25.4 mg 

(12%) of 53. 1H NMR (400 MHz, CDCl3) δ 7.22 – 7.15 (2 H, m, CH), 7.12 (2 H, dt, J = 

6.3, 2.3 Hz, CH), 5.93 (1 H, ddt, J = 17.1, 10.2, 6.8 Hz, CH=CHH), 5.16 (1 H, dq, J = 17.2, 

1.7 Hz, CH=CHH), 5.10 (1 H, dq, J = 10.2, 1.5 Hz, CH=CHH), 4.85 (1 H, dd, J = 8.2, 3.6 

Hz, CHOCH2), 4.18 (1 H, ddd, J = 11.2, 5.4, 3.6 Hz, OCHH), 3.79 (1 H, ddd, J = 11.2, 9.7, 

3.7 Hz, OCHH), 3.01 (1 H, ddd, J = 15.5, 9.6, 5.3 Hz, CH), 2.78 – 2.66 (2 H, m, CH2), 2.60 

(1 H, dddt, J = 14.9, 8.2, 6.8, 1.4 Hz, CH). 13C{1H} NMR (100 MHz, CDCl3) δ 137.9, 

135.2, 134.2, 129.0, 126.4, 126.2, 125.0, 117.1, 75.7, 63.5, 40.5, 29.2. All spectral data 

match the literature.218 

 

 
triisopropyl(octyloxy)silane (54) 

General procedure III was followed for the protection of 1-octanol (7.90 mmol, 1.24 mL) 

with TIPSCl (1.2 eq, 2.0 mL) in the presence of DMAP (1.20 eq, 1.15 g) in DCM (8 mL). 

The reaction was carried out at rt for 24 h and after workup, SiO2 column chromatography 

in hexanes afforded 906 mg (40%) of 54. 1H NMR (400 MHz, CDCl3) δ 3.67 (2 H, t, J = 

6.7 Hz, CH2OTIPS), 1.59 – 1.49 (2 H, m, CH2), 1.29 (10 H, dd, J = 12.0, 5.0 Hz, CH2), 

1.08 – 1.04 (21 H, m, (i-Pr)3), 0.92 – 0.84 (3 H, m, CH3). 
13C{1H} NMR (100 MHz, CDCl3) 

δ 63.7, 33.2, 32.0, 29.6, 29.5, 26.0, 22.8, 18.2, 14.3, 12.2. All spectral data match the 

literature.219 
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(E)-triisopropyl(oct-2-en-1-yloxy)silane (55) 

General procedure III was followed for the protection of trans-2-octen-1-ol (15 mmol, 2.3 

mL) with TIPSCl (1.20 eq, 3.85 mL) in the presence of DMAP (1.20 eq, 2.20 g) in DCM 

(15 mL). The reaction was carried out at rt for 20 h and after workup, SiO2 column 

chromatography in 2% EtOAc/hexanes afforded 3.8 g (89%) of 55. 1H NMR (400 MHz, 

CDCl3) δ 5.68 (1 H, dtt, J = 14.6, 6.5, 1.4 Hz, CH=CH), 5.55 (1 H, dtt, J = 15.2, 5.1, 1.3 

Hz, CH=CH), 4.20 (2 H, dt, J = 5.0, 1.4 Hz, CH2OTIPS), 2.09 – 1.99 (2 H, m, CH2), 1.43 – 

1.34 (2 H, m, CH2), 1.30 (4 H, qt, J = 6.7, 4.0 Hz, (CH2)2), 1.16 –1.03 (21 H, m, J = 5.1 Hz, 

(i-Pr)3), 0.89 (4 H, t, J = 6.8 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 131.2, 129.3, 

64.3, 32.3, 31.6, 29.1, 22.7, 18.2, 14.2, 12.0. 

 

 
tert-butyldimethyl(octyloxy)silane (56) 

General procedure III was followed for the protection of 1-octanol (6.3 mmol, 1.0 mL) with 

TBSCl (1.20 eq, 1.15 g) in the presence of DMAP (1.20 eq, 930 mg) in DCM (6.5 mL). 

The reaction was carried out at rt for 3 days and after workup, SiO2 column 

chromatography in 2% EtOAc/hexanes afforded 838 mg (3.43 mmol, 54%) of 56. 1H NMR 

(400 MHz, CDCl3) δ 3.60 (2 H, td, J = 6.6, 1.0 Hz, CH2), 1.51 (2 H, p, J = 7.0 Hz, CH2), 

1.37 – 1.18 (10 H, m, (CH2)5), 0.93 – 0.82 (12 H, m), 0.05 (6 H, d, J = 1.0 Hz, CH3). 

13C{1H} NMR (100 MHz, CDCl3) δ 63.5, 33.0, 32.0, 29.6, 29.5, 26.2, 26.0, 22.8, 18.6, 

14.3, -5.1. All spectral data match the literature.219-220 

 

 

(E)-tert-butyldimethyl(oct-2-en-1-yloxy)silane (57) 

General procedure III was followed for the protection of trans-2-octen-1-ol (10 mmol, 1.5 

mL) with TBSCl (1.20 eq, 1.81 g) in the presence of DMAP (1.20 eq, 1.47 g) in DCM (10 

mL). The reaction was carried out at rt for 24 h and after workup, SiO2 column 

chromatography in 2.5% EtOAc/hexanes afforded 2.3 g (96%) of 57. 1H NMR (400 MHz, 

CDCl3) δ 5.64 (1 H, dtt, J = 14.1, 6.3, 1.3 Hz, CH=CH), 5.59 – 5.47 (1 H, m, CH=CH), 

4.12 (2 H, dt, J = 5.2, 1.3 Hz, CH2OTBS), 2.11 – 1.97 (2 H, m, CH2), 1.47 – 1.21 (6 H, m, 

(CH2)3), 0.97 – 0.85 (12 H, m, TBS), 0.07 (3 H, s, CH3). 13C{1H} NMR (100 MHz, CDCl3) 

δ 131.8, 129.2, 64.3, 32.3, 31.6, 29.0, 26.2, 26.2, 26.2, 22.7, 14.2, -4.9. All spectral data 

match the literature.221 



 

107 

 
(allyloxy)(tert-butyl)diphenylsilane (58) 

General procedure III was followed for the protection of allyl alcohol (10 mmol, 0.68 mL) 

with TBDPSCl (1.20 eq, 3.08 mL) in the presence of DMAP (1.20 eq, 1.47 g) in DCM (10 

mL). The reaction was carried out at rt for 23 h, and after workup SiO2 column 

chromatography in 2.5% EtOAc/hexanes afforded 2.8 g (96%) of 58. 1H NMR (400 MHz, 

CDCl3) δ 7.69 (4 H, dq, J = 8.8, 2.5 Hz, CH), 7.47 – 7.34 (6 H, m, CH), 5.93 (1 H, ddt, J = 

17.1, 10.5, 4.3 Hz, CH=CHH), 5.38 (1 H, dq, J = 17.1, 2.0 Hz, CH=CHH), 5.12 (1 H, dq, J 

= 10.5, 1.9 Hz, CH=CHH), 4.21 (2 H, dt, J = 4.1, 1.9 Hz, CH2OTBDPS), 1.07 (9 H, s, t-

Bu). All spectral data match the literature.222 
 

 
tert-butyl(octyloxy)diphenylsilane (59) 

General procedure III was followed for the protection of 1-octanol (5.9 mmol, 0.95 mL) 

with TBDPSCl (1.2 eq, 1.8 mL) in the presence of DMAP (1.20 eq, 860 mg) in DCM (6 

mL). The reaction was carried out at rt for 20 h and after workup, SiO2 column 

chromatography in 2% EtOAc/hexanes afforded 1.82 g (4.95 mmol, 85%) of 59. 1H NMR 

(400 MHz, CDCl3) δ 7.73 – 7.62 (4 H, m, CH), 7.39 (6 H, qd, J = 7.2, 3.5 Hz, CH), 3.66 (2 

H, t, J = 6.6 Hz, CH2OTBDPS), 1.57 (2 H, p, J = 6.5 Hz, CH2), 1.33 (1 H, dd, J = 14.6, 7.8 

Hz), 1.26 (7 H, s), 1.06 (9 H, s, t-Bu), 0.89 (3 H, t, J = 6.8 Hz, CH3). 
13C{1H} NMR (100 

MHz, CDCl3) δ 135.7, 134.4, 129.6, 127.7, 64.2, 32.8, 32.0, 29.5, 29.5, 27.0, 26.0, 22.8, 

19.4, 14.3. All spectral data match the literature.220 

 

 
(E)-tert-butyl(oct-2-en-1-yloxy)diphenylsilane (60) 

General procedure III was followed for the protection of trans-2-octen-1-ol (6.6 mmol, 1.0 

mL) with TBDPSCl (1.20 eq, 2.02 mL) in the presence of DMAP (1.20 eq, 964 mg) in 
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DCM (6 mL). The reaction was carried out at rt for 24 h and after workup, SiO2 column 

chromatography in 2% EtOAc/hexanes afforded 2.08 g (5.67 mmol, 86%) of 60. 1H NMR 

(400 MHz, CDCl3) δ 7.74 – 7.65 (4 H, m, CH), 7.47 – 7.34 (6 H, m, CH), 5.66 (1 H, dddd, 

J = 15.5, 7.7, 4.5, 1.3 Hz, CH=CH), 5.60 – 5.48 (1 H, m, CH=CH), 4.17 (2 H, dp, J = 4.8, 

1.2 Hz, CH2OTBDPS), 2.07 – 1.98 (2 H, m, CH2), 1.42 – 1.24 (6 H, m, (CH2)3), 1.07 (9 H, 

d, J = 0.9 Hz, t-Bu), 0.94 – 0.86 (3 H, m, CH3). 13C{1H} NMR (100 MHz, CDCl3) δ 135.7, 

134.1, 131.7, 129.7, 128.8, 127.7, 64.87, 32.3, 31.6, 29.1, 27.0, 22.7, 19.4, 14.2. 

 

Figure 24B, Table 4 entries 6 and 7 procedure: oxidation with basic workup 

A solution of DDQ (1.10 eq, 125 mg) and CH3NO3 (4.96 mL) was added to an oven-dried 

rbf under inert atmosphere. AllylTMS (3.0 eq, 0.24 mL) was added, followed by dropwise 

addition of TIPS-octanol (0.50 mmol, 143 mg). The reaction temperature was maintained at 

25 °C using an oil bath, and the reaction was monitored by TLC. 

Basic workup: vacuum filter reaction mixture upon completion (TLC monitored), washing 

precipitate with solvent used for reaction. Treat precipitate with 1.1 eq DIPEA and 3.0 eq 

AllylTMS under stirring. Work up filtrate and precipitate solution separately but with same 

work up: add sat. aq NaHCO3, extract aqueous layer with Et2O (3x), dry organic layers 

over MgSO4, filter and concentrate in vacuo. Forward the crude residues to SiO2 column 

chromatography eluting with a mixture of EtOAc/hexanes. 

 

 
(E)-3-((tert-butyldiphenylsilyl)oxy)-1-phenyldec-4-en-1-one (66) 

DDQ (1.20 eq, 164 mg) was weighed into an oven-dried rbf, a condenser and stir bar were 

added and an inert atmosphere obtained. Acetophenone (3.0 eq, 0.21 mL) was added to the 

rbf followed by dropwise addition of 60 (0.60 mmol, 0.23 mL). The reaction was carried 

out at 100 °C and monitored by TLC for 4.5 h. The reaction mixture was diluted with Et2O 

and flushed through a short SiO2 plug. The eluant was concentrated in vacuo and forwarded 

to SiO2 column chromatography eluting with 5% EtOAc/hexanes. A column fraction 

containing 1.8 mg (~1% yield) was confirmed to contain 60 and 66 by LRMS and 

comparison of 1H NMR to the standard product. 120 mg of 60 was recovered upon 

purification, accounting for 54% of amount used. LRMS (ESI) 507.2677 (M+Na+). 

General procedure III was followed for the TBDPS-protection of the aldol adduct of trans-

2-octen-1-ol and acetophenone, which was prepared by Juan Araneda. The α-hydroxy 

ketone (5.63 mmol, 1.39 g) was mixed with TBDPSCl (1.20 eq, 1.73 mL) in the presence 

of DMAP (1.20 eq, 829 mg) in DCM (10 mL). The reaction was carried out at rt for 24 h, 

and after workup SiO2 column chromatography in 4% EtOAc/hexanes afforded 1.16 g 
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(42%) of 66. 1H NMR (400 MHz, CDCl3) δ 7.80 – 7.73 (2 H, m, CH), 7.64 (6 H, ddt, J = 

8.0, 4.2, 1.4 Hz, CH), 7.56 – 7.48 (2 H, m, CH), 7.45 – 7.30 (6 H, m, CH), 5.43 (1 H, ddt, J 

= 15.3, 7.3, 1.5 Hz, CH(OSi)CH=CH), 5.24 (1 H, dtd, J = 15.2, 6.7, 0.8 Hz, 

CH(OSi)CH=CH), 4.73 (1 H, q, J = 6.9 Hz, CHOTBDPS), 3.28 (1 H, dd, J = 14.6, 6.6 Hz, 

C(O)CHH), 2.97 (1 H, dd, J = 14.6, 6.8 Hz, C(O)CHH), 1.88 – 1.74 (2 H, m, CHH), 1.27 – 

1.18 (2 H, m, CH2), 1.13 (4 H, ddt, J = 6.7, 5.1, 3.4 Hz, CH2), 0.99 (9 H, d, J = 2.3 Hz, 

CH3), 0.83 (3 H, t, J = 7.2 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 198.5, 137.6, 

136.2, 136.1, 134.2, 134.1, 133.0, 132.4, 131.5, 129.7, 129.6, 128.6, 128.5, 127.6, 127.5, 

72.1, 47.7, 32.0, 31.4, 28.6, 27.1, 22.6, 19.4, 14.2. HRMS (ESI) C32H41O2Si calcd 485.287 

found 485.2859. 
 

Procedure for photo-catalyzed cross-coupling: 

The procedure described by Nicewicz, et al. for alkene hydrofunctionalization was closely 

followed for each of the conditions attempted.160  

9-mesityl-10-methylacridiniumperchlorate (68, 5.0 mol%, 5.6 mg) was weighed into an 

oven-dried vial wrapped in aluminum foil. An inert atmosphere was achieved, then DDQ 

(1.2 eq, 81 mg) was added, followed by dropwise addition of 60 (0.273 mmol, 100 mg) and 

acetophenone (2.0 eq, 64 µL) with stirring. The vial was lowered into a chamber with a 450 

nm LED light. CH3NO2 (0.55 mL) was added to the vial after 1 h reacting because the 

reaction mixture was not stirring properly. The reaction was monitored by TLC and GC-

MS (comparing peaks to the standard 2-2). After 6 days reacting and monitoring, the 

reaction was stopped.  

The reaction was repeated using DCE (1.2 mL) as the solvent. A solution of the photo-

catalyst (5.0 mol%, 5.6 mg) in DCE (1.2 mL) was added to an oven-dried vial containing 

60 (0.273 mmol, 100 mg), acetophenone (2.0 eq, 64 µL), and DDQ (1.2 eq, 81 mg). The 

vial was purged on the high-vac and flushed with Argon before being lowered into a 

chamber containing a 450 nm LED. The reaction was monitored by TLC and GC-MS and 

carried out for 5 days. The desired product was not evident in the complex mixture of 

products. 

The reaction was repeating using 81 as the substrate. The photocatalyst (5 mol%, 4 mg) 

was weighed into an oven-dried vial wrapped in aluminum foil. Phthalimide (0.50 eq, 17 

mg) and 79 (0.21 mmol, 50 mg) were added to the vial, followed by acetophenone (2.0 eq, 

50 µL) and CH3NO2 (420 µL) with stirring. The vial was flushed with inert gas, placed in 

the freezer for 5 min, then subjected to high vacuum for 5 min, then finally lowered in a 

chamber containing and LED light at 450 nm. The reaction was carried out at rt and 

monitored by TLC and GC-MS for 4 days, but no product formed. 

The photocatalyst (5 mol%, 4 mg) was weighed into an oven-dried vial wrapped in 

aluminum foil. 81 (0.21 mmol, 50 mg) was added to the vial under an inert atmosphere, 

followed by CH3NO2 (420 µL). Acetophenone (2.0 eq, 50 µL) and BrCCl3 (0.50 eq, 10 µL) 

were added to the vial. The vial was flushed with inert gas, placed in the freezer for 5 min, 
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then subjected to high vacuum for 5 min, then finally lowered in a chamber containing and 

LED light at 450 nm. The reaction was carried out at rt and monitored by TLC and GC-MS 

for 2 days, but no product formed. 

 

 
(Z)-oct-2-en-1-ol (72) 

The literature procedure was closely followed.167 2-octyn-1-ol (4.9 mmol, 0.71 mL) was 

added to an oven-dried rbf under inert atmosphere, followed by hexanes (7.5 mL) and 

quinoline (11 mol%, 0.07 mL). After adding Lindlar catalyst (50 mg) the rbf was flushed 

with Argon, then flushed with H2 without stirring for 5 min. The H2 pressure was reduced 

to 1 atm and the reaction was stirred vigorously. The reaction was monitored by NMR and 

after 4 h additional Lindlar catalyst was added (50 mg). After 1 additional hour, no starting 

material was evident by NMR. The reaction mixture was directly flushed through a celite 

plug using hexanes, and the filtrate was concentrated in vacuo. SiO2 column 

chromatography eluting with 6%  12.5% EtOAc/hexanes afforded 166 mg (1.3 mmol, 

26%) of 72. 1H NMR (400 MHz, CDCl3) δ 5.63 – 5.47 (2 H, m, CH=CH), 4.17 (2 H, d, J = 

6.1 Hz, CH2OH), 2.06 (2 H, p, J = 9.4, 7.3 Hz, CH2), 1.69 –1.20 (6 H, m, (CH2)3), 0.88 (3 

H, td, J = 7.4, 3.5 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 133.3, 128.5, 58.7, 31.5, 

29.4, 27.5, 22.6, 14.1. All spectral data match the literature.167 

 

 
(Z)-tert-butyl(oct-2-en-1-yloxy)diphenylsilane (73)  

General procedure III was followed for the protection of 72 (1.30 mmol, 166 mg) with 

TBDPSCl (1.2 eq, 0.40 mL) in the presence of DMAP (1.20 eq, 190 mg) in DCM (2 mL). 

The reaction was carried out at rt for 25 h, and after workup, SiO2 column chromatography 

in 1.5% EtOAc/hexanes afforded 285 mg (60%) of 73. 1H NMR (400 MHz, CDCl3) δ 7.77 

– 7.66 (4 H, m, CH), 7.51 – 7.34 (6 H, m, CH), 5.60 (1 H, dtt, J = 11.0, 6.2, 1.6 Hz, 

CH=CH), 5.42 (1 H, dtt, J = 10.8, 7.4, 1.7 Hz, CH=CH), 4.26 (2 H, dd, J = 6.3, 1.7 Hz, 

CH2OTBDPS), 1.86 (2 H, tt, J = 7.3, 3.9 Hz, CH2), 1.33 – 1.14 (6 H, m, (CH2)3), 1.05 (9 H, 

s, Si(t-Bu)), 0.86 (3 H, t, J = 7.0 Hz, CH3). 13C{1H} NMR (100 MHz, CDCl3) δ 145.1, 

135.8, 131.4, 129.7, 129.1, 127.8, 60.4, 31.6, 29.4, 27.7, 27.0, 22.7, 19.3, 14.2, 5.5. 
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[Ir(1,5-cod)2]PF6 (76) 

To a solution of [Ir(1,5-cod)Cl]2 (0.15 mmol, 100 mg) in DCM (2 mL), COD (3.0 eq, 55 

µL), and a solution of AgPF6 (2.0 eq, 76 mg) in acetone (1 mL) were added with stirring. 

The solution becomes deep red in colour with a white precipitate, and after 20 min at rt the 

reaction mixture was filtered through celite. THF (1 mL) was added to the filtrate and the 

solution was reduced to ca. 1 mL by concentration in vacuo. The deep red crystals were 

vacuum filtered, washing with THF (2 x 0.5 mL) and ether (2 x 0.5 mL). The reaction 

furnished 44 mg of 76. 31P NMR (162 MHz, CDCl3) δ -139.79, -144.20, -148.61. (-139.79 

to -141.99: J = 714.0 Hz, -139.79 to -148.61 J = 1431.0 Hz). This procedure closely 

followed the literature168 adapted by Dr. Juan Araneda. 

 

 

(E)-tert-butyl(oct-1-en-1-yloxy)diphenylsilane (75) 

General procedure VI was followed for the iridium-catalyzed isomerisation of 60. 60 (4.0 

mmol, 1.6 g), 76 (1.0 mol%, 22 mg), acetone (20 mL), and PEt3 (2.0 mol%, 12 µL) were 

employed. The reaction was carried out at rt for 2 h and monitored by NMR. After workup, 

the crude residue was forwarded to SiO2 column chromatography eluting with 2.010% 

EtOAc/hexanes to furnish 738 mg (2.01 mmol, 50%) of the E isomer of 75. 1H NMR (400 

MHz, CDCl3) δ 7.72 – 7.66 (4 H, m, CH), 7.46 – 7.35 (6 H, m, CH), 6.24 (1 H, dt, J = 11.9, 

1.3 Hz, CH=CHCOTBDPS), 5.08 (1 H, dt, J = 11.9, 7.5 Hz, CH=CHCOTBDPS), 1.81 (2 

H, td, J = 7.0, 5.6 Hz, CH=CHCH2), 1.32 – 1.15 (10 H, m, (CH2)5), 1.06 (9 H, s, Si(t-Bu)), 

0.86 (3 H, t, J = 7.0 Hz, CH3). 13C{1H} NMR (100 MHz, CDCl3) δ 140.3, 135.6, 133.3, 

129.9, 127.8, 112.2, 60.4, 31.8, 30.4, 28.8, 27.3, 26.7, 22.8, 14.3. 

 

 
E- and Z-tert-butyldimethyl(prop-1-en-1-yloxy)silane (78)  

General procedure IV was followed for the formation of 78, using propionaldehyde (14 

mmol, 1.0 mL), DCM (17.5 mL), TBSCl (1.20 eq, 2.53 g), and DBU (1.6 eq, 3.4 mL). The 

reaction was carried out at rt for 27 h, and after workup SiO2 column chromatography in 
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1% EtOAc/hexanes afforded 21.1 mg (<1%) of a mixture of isomers (75% Z). 1H NMR 

(400 MHz, CDCl3) δ 6.22 (1 H, dq, J = 12.0, 1.7 Hz, CH=CHCOTBS), 6.20 – 6.16 (1 H, m, 

CH=CHCOTBS), 5.04 – 4.93 (1 H, m, CH=CHCOTBS), 4.50 (1 H, qd, J = 6.7, 5.8 Hz, 

CH=CHCOTBS), 1.59 – 1.56 (1 H, m,), 1.53 – 1.49 (3 H, m), 0.93 (3 H, s), 0.91 (9 H, s, 

Si(t-Bu)), 0.13 (3 H, s, CH3), 0.12 (6 H, s, Si(CH3)2). All spectral data match the 

literature.169 

 

 
E- and Z-tert-butyldiphenyl(prop-1-en-1-yloxy)silane (79)  

General procedure IV was followed for the formation of 79, using propionaldehyde (14 

mmol, 1.0 mL), DCM (0.8 mL), TBDPSCl (1.2 eq, 4.3 mL), and DBU (1.60 eq, 3.38 g). 

The reaction was carried out at rt for 23 h, and after workup SiO2 column chromatography 

in 1% EtOAc/hexanes afforded 2.4 g (58%, E/Z: 5:3) of 77. 1H NMR (400 MHz, CDCl3) δ 

7.76 – 7.66 (7 H, m, CH), 7.49 – 7.36 (9 H, m, CH), 6.25 (1 H, dq, J = 11.9, 1.7 Hz, 

(E)CH=CHCOTBDPS), 6.21 (1 H, dt, J = 5.8, 1.8 Hz, (Z)CH=CHCOTBDPS), 5.12 (1 H, 

dq, J = 11.7, 6.8 Hz, (E)CH=CHCOTBDPS), 4.58 – 4.48 (1 H, m, (Z)CH=CHCOTBDPS), 

1.73 (2 H, dd, J = 6.7, 1.8 Hz, (Z)CH3), 1.47 (3 H, dd, J = 6.8, 1.7 Hz, (E)CH3), 1.10 (8 H, 

s, (Z)Si(t-Bu)), 1.07 (6 H, s, (E)Si(t-Bu)). All spectral data match the literature.223 

 

 
E- and Z-tert-butyl((4-methylpent-1-en-1-yl)oxy)diphenylsilane (80) 

General procedure VI was followed for the iridium-catalyzed isomerisation of (E)-tert-

butyl((5-methylhex-2-en-1-yl)oxy)diphenylsilane (70, prepared by Dr. Araneda). 70 (0.59 

mmol, 200 mg), 76 (1.5 mol%, 4.9 mg), acetone (3 mL), and PEt3 (3 mol%, 3 µL) were 

employed. The reaction was carried out at rt for 4 h and monitored by TLC and GC-MS. 

After workup, the crude residue was forwarded to SiO2 column chromatography eluting 

with 1% EtOAc/hexanes to produce 106 mg (0.31 mmol, 53%) of the E isomer. 1H NMR 

(of the mixture of isomers) (400 MHz, CDCl3) δ 7.69 (8 H, ddt, J = 9.5, 6.4, 1.7 Hz, CH), 

7.46 – 7.35 (12 H, m, CH), 6.22 (1 H, dt, J = 11.9, 1.3 Hz, CH=CHOTBDPS), 5.07 (1 H, 

dt, J = 11.9, 7.8 Hz, CH=CHOTBDPS), 3.65 (2 H, t, J = 6.6 Hz, CH2), 1.69 (2 H, ddd, J = 

7.8, 6.6, 1.3 Hz, CH2), 1.61 – 1.52 (3 H, m), 1.52 – 1.42 (1 H, m, CH), 1.29 – 1.17 (3 H, 
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m), 1.07 (9 H, s, Si(t-Bu)), 1.05 (9 H, s, Si(t-Bu)), 0.86 (6 H, d, J = 6.7 Hz, 2(CH3)), 0.79 (6 

H, d, J = 6.7 Hz, 2(CH3)). 
 

 
E- and Z- tert-butyldimethyl(oct-1-en-1-yloxy)silane (81) 

General procedure IV was followed for the formation of TBS-octyl enol ether, using 

octanal (13 mmol, 2.0 mL), DCM (1.6 mL), TBSCl (1.2 eq, 2.3 g), and DBU (1.6 eq, 3.1 

mL). The reaction was carried out at rt for 22 h, and after workup SiO2 column 

chromatography in hexanes afforded 763 mg (25%) of the E isomer, and 470 mg (15%) of 

the Z isomer. E isomer: 1H NMR (400 MHz, CDCl3) δ 6.21 (1 H, ddt, J = 11.9, 2.0, 0.9 Hz, 

CH=CHOTBS), 4.98 (1 H, ddd, J = 12.0, 7.5, 3.1 Hz, CH=CHOTBS), 1.87 (2 H, dd, J = 

13.3, 6.5 Hz, CH2), 1.35 – 1.21 (8 H, m, (CH2)4), 0.92 (9 H, d, J = 0.7 Hz, Si(t-Bu)), 0.90 – 

0.85 (3 H, m, CH3), 0.12 (6 H, d, J = 0.7 Hz, Si(CH3)2). Z isomer: 1H NMR (400 MHz, 

CDCl3) δ 6.16 (1 H, dt, J = 5.9, 1.5 Hz, CH=CHOTBS), 4.44 (1 H, td, J = 7.2, 5.8 Hz, 

CH=CHOTBS), 2.13 – 2.02 (2 H, m, CH2), 1.47 – 1.20 (8 H, m, (CH2)4), 0.97 – 0.91 (9 H, 

m, Si(t-Bu)), 0.90 – 0.85 (3 H, m, CH3), 0.12 (6 H, s, Si(CH3)2). All spectral data match 

literature.224 

 

 
E-tert-butyldimethyl(oct-1-en-1-yloxy)silane (81) 

General procedure V was followed for the Ruthenium-catalyzed isomerization of TBS-

protected trans-2-octen-1-ol to form the silyl enol ether product. To achieve this, 57 (1.03 

mmol, 250 mg), [RuCl2(1,5-cod)]x (5.0 mol%, 14 mg), P(2,4,6-MeOC6H2)3 (5.0 mol%, 28 

mg), LiAlH4 (0.25 eq, 260 µL 1.0 M solution in Et2O), and THF (7.5 mL) were employed. 

The reaction was carried out at 80 °C for 45 h and after concentration in vacuo and flushing 

the crude residue through a short SiO2 plug with hexanes, SiO2 column chromatography in 

hexanes afforded 17.5 mg (7%) of 79. 1H NMR (400 MHz, CDCl3) δ 6.16 (1 H, dt, J = 5.9, 

1.5 Hz, CH=CHOTBS), 4.44 (1 H, td, J = 7.2, 5.8 Hz, CH=CHOTBS), 2.12 – 2.02 (2 H, m, 

CH2), 1.38 – 1.21 (8 H, m, (CH2)4), 0.92 (9 H, s, Si(t-Bu)), 0.90 – 0.85 (3 H, m, CH3), 0.12 

(6 H, s, Si(CH3)2). All spectral data match literature.224 

 

Table 8 entry 11: CuBr oxidation of TBDPS-cis-2-octen-1-ol 

Cu(I)Br (5.00 mol%, 2.01 mg) was weighed into an oven-dried rbf inside a glove-box. The 

rbf was flushed with inert gas before addition of acetophenone (0.50 eq, 16 µL), 73 (0.273 

mmol, 100 mg), and t-BuOOH (5.5 M in decane, 1.2 eq, 60 µL). The rbf was lowered into 
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an oil bath and stirred at 100 °C for 3 h. The reaction mixture was diluted with Et2O and 

flushed through a short Fluorosil plug. No product was evident by TLC and GC-MS of the 

crude mixture. 

 

Table 8 entry 13: CuBr2 and Na2S2O8 oxidation of 73: 

Suggestions from the literature procedure were followed.225 CuBr2 (0.020 mol%, 12.2 mg) 

was weighed into an oven-dried rbf to which acetophenone (5.0 eq, 160 µL) was added 

with stirring. 75 (0.273 mmol, 100 mg) was added dropwise, followed by Na2S2O8 (3.0 eq, 

195 mg). The reaction was lowered into an rbf and heated at 80 °C for 30 h before CH3NO2 

(0.5 mL) was added to help with stirring. The reaction was continued for an additional 15 h, 

but TLC and GC-MS indicated a complex mixture with insignificant product yield, so the 

reaction was stopped.  
 

CuBr and t-BuOOH oxidation of 73 

73 (0.137 mmol, 50.0 mg) was added to an oven-dried rbf, followed by CuBr (10 mol%, 

2.0 mg), acetophenone (0.5 eq, 8 µL), and t-BuOOH (2.4 eq, 5.5 M in decane, 60 µL). The 

reaction was allowed to stir at rt for 20 h and monitored by TLC and GC-MS. The reaction 

mixture was diluted with CHCl3 (1.5 mL) and flushed through a Fluorosil plug, but TLC 

did not show any product in the complex mixture so purification was not carried out. 

 

CuBr oxidation of 75 in the presence of base 

Benzoic acid (5.0 mg) was added to an oven-dried rbf, followed by MeOH (55 µL), 

pyrrolidine (3.5 µL), and acetophenone (10.0 eq, 160 µL). The mixture was stirred for at rt 

for 15 min, then treated with 75 (0.137 mmol, 50.0 mg). CuBr (10 mol%, 2.0 mg) was 

weighed into a vial in a glovebox and added in one portion to the reaction mixture, 

followed by dropwise addition of t-BuOOH (1.5 eq, 5.5 M in decane, 40 µL). The reaction 

was lowered into an oil bath and stirred at 70 C for 4 h. TLC and GC-MS of the reaction 

mixture flushed through a short Fluorosil plug did not indicate product formation. 

 

 
3-oxo-3-phenoxypropanoic acid (82)  

Phenol (17.4 mmol, 1.63 g) and 2,2-dimethyl-1,3-dioxane-4,6-dione (1.0 eq, 2.5 g) were 

added to an oven-dried rbf. The mixture of solids was lowered into an oil bath with heating 

set at 120 °C and with stirring. When the oil bath reached 88 °C, the mixture liquefied. The 

reaction was monitored by TLC and submitted to high vacuum after 4 h reacting. The crude 

reside was purified by SiO2 column chromatography (20%50% EtOAc/hexanes) to 

furnish 495 mg (16%) of 82. 1H NMR (400 MHz, CDCl3) δ 10.75 (1 H, s, COOH), 7.44 – 

7.34 (2 H, m, CH), 7.30 – 7.21 (2 H, m, CH), 7.17 – 7.08 (1 H, m, CH), 3.69 (2 H, s, CH3). 
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Subjecting 73 to the literature decarboxylative aldol addition procedure: 

Reaction setup closely followed the literature.178 To a solution of DDQ (1.2 eq, 37 mg) in 

CH3NO2 (280 µL) over 4 Å molecular sieves (50 mg) was added 82 (2.0 eq, 50 mg) 

followed by dropwise addition of 75 (0.137 mmol, 50.0 mg). The reaction was stirred at rt 

for 24 h and monitored by TLC and GC-MS. The reaction mixture was diluted in CHCl3, 

flushed through a short SiO2 plug and concentrated in vacuo. NMR of the crude residue 

showed only starting material peaks. 

 

A.5. General Procedures VII-IX for Chapter Three 

A.5.1. General Procedure VII: synthesis of benzoate derivatives (141) using 

commercially available benzoyl chlorides 

 
91 (90 mg, 0.54 mmol) and DMAP (5.0 mol%, 2.9 mg, 0.02 mmol) were weighed into 

separate 1 DR vials using an analytical balance. Pyr was added to each vial (0.50 mL, 0.25 

mL respectively), the vials were sonicated, then the solutions were added via syringe to an 

oven-dried round-bottomed flask and stir bar under inert atmosphere. The vials were rinsed 

two more times each with pyr (0.25 mL) and the solutions were added to the round-

bottomed flask. 4 equivalents (1.90 mmol) of the desired benzoyl chloride derivative was 

transferred to the round-bottomed flask under vigorous stirring, a condenser was attached, 

the flask was lowered into an oil bath and the heating plate was turned on to heat to 80 °C. 

The reaction was monitored by TLC until completion (no starting material present, eluting 

with EtOAc/hexanes). Once complete the reaction was allowed to cool to room 

temperature, then 5 mL deionized water was added and the layers were separated. The 

aqueous phase was extracted with Et2O (3 x 15 mL), the organic layers were combined and 

washed with 1 M HCl (2 x 15 mL), brine (15 mL), NaHCO3 (sat. aq., 2 x 15 mL), and brine 

(15 mL). The combined organic layer was dried with anhydrous Na2SO4, filtered into a 

round-bottomed flask, concentrated in vacuo and purified by SiO2 column chromatography. 

In some cases, the benzoate derivatives were crystalline and re-crystallized after column 

chromatography from CHCl3, EtOAc, and/or hexanes. 
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A.5.2. General Procedure VII: synthesis of benzoate derivatives using commercially 

available benzoic acids 

 
Part 1: To an oven-dried round-bottomed flask and stir bar was added 3.08 mmol of the 

desired benzoic acid derivative followed by distilled DCM (10 mL) under inert atmosphere. 

The temperature was lowered to 0 °C using a water-ice bath, oxalyl chloride (1.10 eq, 3.38 

mmol) was added dropwise with vigorous stirring, followed by two drops of DMF. After 1 

h at this temperature the ice bath was removed and the reaction was allowed to warm up to 

room temperature and stirred 2 hs more. After this time the solvents and other volatile 

compounds were removed in high vacuo. 4 mL of pyridine was added to the crude residue, 

the solution sonicated, and 2 mL of this solution was removed using a syringe and used in 

the coupling step with 91. 

 
Part 2: 91 (90 mg, 0.54 mmol) and DMAP (5.0 mol%, 2.9 mg, 0.02 mmol) were weighed 

into separate 1 DR vials using an analytical balance. Pyr was added to each vial (0.4 mL, 

0.2 mL respectively), the vials were sonicated, then the solutions were added via syringe to 

an oven-dried round-bottomed flask and stir bar under inert atmosphere. The vials were 

rinsed two more times each with pyr (0.2 mL) and the solutions were added to the round-

bottomed flask. 2 mL of the desired crude benzoyl chloride derivative solution (see above) 

was added drop-wise via syringe to the round-bottomed flask under vigorous stirring, a 

condenser was attached, the flask was lowered into an oil bath and then the heating plate 

was turned on to heat to 80 °C. The reaction was monitored by TLC until completion (no 

starting material present). Once complete the reaction was allowed to cool to room 

temperature, then 5 mL deionized water was added and the layers were separated. The 

aqueous phase was extracted with Et2O (3 x 15 mL), the organic layers were combined and 

washed with 1 M HCl (2 x 15 mL), brine (15 mL), NaHCO3 (sat. aq., 2 x 15 mL), and brine 

(15 mL). The combined organic layer was dried with anhydrous Na2SO4, filtered into a 

round-bottomed flask, concentrated in vacuo and purified by SiO2 column chromatography. 

In some cases, the benzoate derivatives were crystalline and re-crystallized after column 

chromatography from CHCl3, EtOAc, and/or hexanes. 
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A.5.3. General procedure IX: synthesis of the hydroxybenzoate analogs 

 
To a solution of the desired acetoxybenzoate analog in MeOH was added 1.5 eq NH3 

solution (7.0 N in MeOH) dropwise with vigorous stirring under inert atmosphere. The 

reaction was carried out at RT (with condenser attached) and monitored by TLC until no 

starting material evident, ca. 24 hs. The reaction solution was concentrated in vacuo and 

purified by SiO2 column chromatography. 

 

A.6. Chapter 3 experimental section 

 
(2R,5R)-2-methyl-5-(prop-1-en-2-yl)cyclohexanone (108) 

This compound was prepared by separation of the diastereomers (commercially available as 

(+)-dihydrocarvone, mixture of isomers) using SiO2 column chromatography. 3.7 mL (3.4 

g) of 108 was recovered from 7.50 mL (6.97 g) of (+)-dihydrocarvone, mixture of isomers 

(750 mL SiO2, 5%  8% EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ 4.79 – 4.69 (2 

H, m, C=CH2), 2.49 – 2.42 (1 H, m, CH), 2.41 – 2.23 (3 H, m, CH & CH2), 2.13 (1 H, ddt, 

J = 13.3, 5.8, 3.3 Hz, CH), 1.98 – 1.90 (1 H, m, CH), 1.77 – 1.72 (3 H, m, CH3), 1.64 (1 H, 

dtdd, J = 15.2, 11.5, 3.6, 1.7 Hz, CH), 1.37 (1 H, qd, J = 12.8, 3.3 Hz, CH), 1.03 (3 H, d, J 

= 6.5 Hz, CH3). All other spectral data is in agreement with the literature.6,226 

 

 
(2R,5R)-5-isopropyl-2-methylcyclohexanone (109) 

This compound was prepared by following the literature procedure for the hydrogenation of 

(+)-dihydrocarvone using PtO2.
6 10.86 g (70.40 mmol, 76% yield) of 109 was produced 

from 14.05 g (92.30 mmol) of 108. 1H NMR (400 MHz, CDCl3) δ 2.39 (1 H, ddd, J = 13.0, 

3.5, 2.3 Hz, CH), 2.32 (1 H, dtd, J = 12.4, 6.1, 1.3 Hz, CH), 2.15 – 2.00 (2 H, m, CH2), 1.91 

– 1.81 (1 H, m, CH), 1.63 – 1.50 (2 H, m, CH2), 1.50 – 1.37 (1 H, m, CH), 1.30 (1 H, qd, J 

= 12.7, 3.3 Hz, CH), 1.01 (3 H, d, J = 6.5 Hz, CH3), 0.90 (6 H, dd, J = 6.5, 4.2 Hz, CH3 

(iPr)). All other spectral data is in agreement with the literature.6,227-229 [S-1, S-3–S-5]. 



 

118 

 
(((3S,6R)-3-isopropyl-6-methylcyclohex-1-en-1-yl)oxy)trimethylsilane (110) 

This compound was prepared by following the literature procedure for the silyl enol ether 

formation from tetrahydrocarvone.6 3.48 g (15.4 mmol, 59% yield) of 110 was prepared 

from 4.03 g (26 mmol) of 109. 1H NMR (400 MHz, CDCl3) δ 4.74 (1 H, t, J = 2.2 Hz, 

C=CH), 2.10 (1 H, tq, J = 7.1, 2.5, 1.9 Hz, CH), 2.02 (1 H, ddq, J = 10.0, 5.1, 2.4 Hz, CH), 

1.92 – 1.83 (1 H, m, CH), 1.66 – 1.57 (1 H, m, CH), 1.57 – 1.47 (1 H, m, CH), 1.31 – 1.09 

(2 H, m, CH2), 1.01 (3 H, d, J = 6.9 Hz, CH3), 0.86 (6 H, dd, J = 6.8, 5.4 Hz, CH3 (iPr)), 

0.18 (9 H, d, J = 0.7 Hz, OSi(CH3)3). All other spectral data is in agreement with the 

literature.6 

 

 
triethyl(((3S,6R)-3-isopropyl-6-methylcyclohex-1-en-1-yl)oxy)silane (111) 

This compound was prepared following the literature prep as for the TMS-enol ether.6 3.79 

g (14.1 mmol, 51%) of 111 was furnished from 4.31 g (27.9 mmol) of 109. 1H NMR (400 

MHz, CDCl3) δ 4.78 – 4.67 (1 H, m, C=CH), 2.22 – 2.07 (1 H, m, CH), 2.07 – 1.95 (1 H, 

m, CH), 1.94 – 1.81 (1 H, m, CH), 1.66 – 1.56 (1 H, m, CH), 1.51 (1 H, pd, J = 6.8, 5.5 Hz, 

CH), 1.31 – 1.11 (1 H, m, CH2), 1.04 (3 H, d, J = 6.9 Hz, CH3), 0.99 (9 H, t, J = 7.9 Hz, 

OSi(CH2CH3)3), 0.87 (6 H, dd, J = 6.8, 5.0 Hz, CH3(iPr)), 0.74 – 0.61 (6 H, q, 

OSi(CH2CH3)3). All other spectral data is in agreement with the literature.6 
 

 
(2S,3S,6R)-3-isopropyl-6-methyl-2-((trimethylsilyl)oxy)cyclohexanone (112) 

This compound was prepared by following the literature procedure for the Rubottom 

oxidation of the TMS-enol ether.6 0.92 g (3.8 mmol, 56%) of 112 was yielded from 1.52 g 

(6.70 mmol) of 110. 1H NMR (400 MHz, CDCl3) δ 3.98 (1 H, dd, J = 11.4, 1.4 Hz, C=CH), 

2.39 – 2.26 (1 H, m, CH), 2.14 (1 H, pd, J = 7.0, 2.7 Hz, CH), 2.05 (1 H, ddt, J = 12.6, 6.1, 

3.2 Hz, CH), 1.74 (1 H, dq, J = 13.3, 3.3 Hz, CH), 1.62 (1 H, dddd, J = 12.3, 11.3, 3.4, 2.7 

Hz, CH), 1.43 (1 H, qd, J = 13.1, 3.5 Hz, CH), 1.25 (1 H, qd, J = 12.9, 3.4 Hz, CH), 1.05 (3 
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H, d, J = 6.5 Hz, CH3), 0.94 (3 H, d, J = 7.1 Hz, CH3), 0.84 (3 H, d, J = 7.0 Hz, CH3), 0.12 

(9 H, s, OSi(CH3)3). All other spectral data is in agreement with the literature.6 

 

  
(2S,3S,6R)-3-isopropyl-6-methyl-2-((triethylsilyl)oxy)cyclohexanone (113) 

This compound was prepared by following the literature procedure for the Rubottom 

oxidation of the TES-enol ether.6 3.49 g (12.3 mmol, 80%) of 113 was furnished from 4.13 

g (15.4 mmol) of 111. 1H NMR (300 MHz, CDCl3) δ 4.01 (1 H, dd, J = 11.2, 1.4 Hz, 

C=CH), 2.40 – 2.12 (2 H, m, CH2), 2.04 (1 H, ddt, J = 12.5, 6.1, 3.1 Hz, CH), 1.73 (1 H, 

dq, J = 12.8, 3.1 Hz, CH), 1.60 (1 H, ddt, J = 14.6, 8.9, 2.9 Hz, CH), 1.50 – 1.33 (1 H, m, 

CH), 1.24 (1 H, qd, J = 12.8, 3.4 Hz, CH), 1.04 (3 H, d, J = 6.5 Hz, CH3), 1.01 – 0.88 (12 

H, m, CH3(iPr) & OSi(CH2CH3)3), 0.84 (3 H, d, J = 7.0 Hz, CH3), 0.68 – 0.57 (6 H, m, 

OSi(CH2CH3)3). All other spectral data is in agreement with the literature.6 

 

 
(((1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl)oxy)trimethylsilane (114) 

This compound was prepared by following the literature procedure for the installation of 

the terminal olefin via Wittig reaction on the Rubottom oxidation product.6 430 mg (1.80 

mmol, 52%) of 114 was yielded from 841 mg (3.50 mmol) of 112. 1H NMR (400 MHz, 

CDCl3) δ 4.99 (1 H, q, J = 1.7 Hz, C=CHH), 4.68 (1 H, q, J = 1.8 Hz, C=CHH), 3.78 (1 H, 

dt, J = 10.1, 1.8 Hz, CHOTMS), 2.19 (1 H, pd, J = 7.0, 2.4 Hz, CH), 1.94 (1 H, dq, J = 

11.7, 5.9, 5.1 Hz, CH), 1.79 (1 H, dq, J = 12.3, 3.4 Hz, CH), 1.65 (1 H, dq, J = 12.8, 3.0 Hz, 

CH), 1.30 – 1.12 (2 H, m, CH2), 1.08 (3 H, d, J = 6.5 Hz, CH3), 1.00 – 0.92 (1 H, m, CH), 

0.90 (3 H, d, J = 7.0 Hz, CH3), 0.79 (3 H, d, J = 6.8 Hz, CH3), 0.17 – 0.12 (9 H, m, 

OSi(CH3)3). All other spectral data is in agreement with the literature.6 

 

  
triethyl(((1R,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl)oxy)silane (115) 

This compound was prepared by closely following the literature procedure for the Wittig 

reaction on the Rubottom oxidation product.6 The literature suggests reacting at -78 °C for 
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a total of 1 hour, but the reaction was monitored by TLC and deemed complete after 2 hs at 

-78 °C. The total reaction time was the only change made to the literature procedure. 2.62 g 

(9.30 mmol, 76%) of 115 was yielded from 3.49 g (12.3 mmol) of 113. 1H NMR (300 

MHz, CDCl3) δ 5.04 (1 H, d, J = 1.6 Hz, C=CHH), 4.68 (1 H, d, J = 1.7 Hz, C=CHH), 3.79 

(1 H, d, J = 9.7, 1.6 Hz, CHOTES), 2.22 (1 H, m, J = 7.0, 2.2 Hz, CH), 1.94 (1 H, dt, J = 

12.0, 5.9 Hz, CH), 1.79 (1 H, dq, J = 12.0, 3.3 Hz, CH), 1.70 – 1.57 (1 H, m, CH), 1.31 – 

1.11 (2 H, m, CH2), 1.08 (3 H, d, J = 6.5 Hz, CH3), 1.01 – 0.93 (9 H, m, OSi(CH2CH3)3), 

0.90 (3 H, d, J = 7.1 Hz, CH3), 0.79 (3 H, d, J = 6.9 Hz, CH3), 0.70 – 0.58 (6 H, m, 

OSi(CH2CH3)3). All other spectral data is in agreement with the literature.6 

 

  
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexanol (91) 

This compound was prepared by following the literature method for the desilylation of 114 

or 115 using TBAF.6 186 mg (1.10 mmol, 62%) of 91 was yielded from 429 mg (1.80 

mmol) of 142. 1.47 g (8.70 mmol, 94%) of 91 was yielded from 2.62 g of 115. 1H NMR 

(400 MHz, CDCl3) δ 5.02 (1 H, q, J = 1.5 Hz, C=CHH), 4.73 (1 H, q, J = 1.6 Hz, C=CHH), 

3.83 (1 H, s, CHOH), 2.23 (1 H, pd, J = 7.0, 2.2 Hz, CH), 1.98 (1 H, ddd, J = 12.4, 6.3, 4.5 

Hz, CH), 1.81 (1 H, dq, J = 12.8, 3.7 Hz, CH), 1.73 – 1.61 (1 H, m, CH), 1.46 (1 H, d, J = 

5.6 Hz, CH), 1.23 (2 H, ddt, J = 8.8, 7.7, 2.8 Hz, CH2), 1.09 (3 H, d, J = 6.5 Hz, CH3), 0.99 

(1 H, td, J = 12.4, 3.6 Hz, CH), 0.93 (3 H, d, J = 7.0 Hz, CH3), 0.88 (3 H, d, J = 6.9 Hz, 

CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 157.1, 100.8, 74.5, 52.1, 36.8, 36.1, 26.7, 23.2, 

21.0, 18.3, 16.0. All other spectral data is in agreement with the literature.6 
 

 

(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl benzoate (101) 

This compound was prepared by following the literature procedure for the benzoate ester 

formation from 91 and benzoyl chloride.6 123 mg (0.450 mmol, 81%) of 101 was yielded 

from 93 mg (0.55 mmol) of 91. 1H NMR (400 MHz, CDCl3) δ 8.19 – 8.11 (2 H, m, CH), 

7.63 – 7.55 (1 H, m, CH), 7.52 – 7.43 (1 H, m, CH), 5.35 (1 H, dt, J = 11.1, 1.8 Hz, 

CHOBz), 4.80 (1 H, q, J = 1.3 Hz, C=CHH), 4.70 (1 H, td, J = 1.8, 0.9 Hz, C=CHH), 2.17 

(1 H, tddd, J = 12.6, 6.5, 4.0, 1.7 Hz, CH), 2.01 (1 H, m, J = 7.0, 2.9 Hz, CH), 1.89 (1 H, 

dq, J = 12.7, 3.7 Hz, CH), 1.84 – 1.75 (1 H, m, CH), 1.71 (1 H, dddd, J = 12.2, 11.2, 3.7, 

2.9 Hz, CH), 1.45 – 1.31 (1 H, m, CH), 1.12 (3 H, d, J = 6.6 Hz, CH3), 1.11 – 1.00 (1 H, m, 
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CH), 0.93 (3 H, d, J = 7.0 Hz, CH3), 0.85 (3 H, d, J = 7.0 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3) δ 165.7, 151.9, 133.1, 130.4, 129.8, 128.6, 101.9, 76.7, 49.6, 36.9, 35.8, 27.2, 

23.5, 20.8, 18.1, 16.4. All spectral data is in agreement with the literature.6 
 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-methoxybenzoate (116) 

General procedure VII was followed, using 100 mg of allyOH (0.594 mmol) and 2 eq of p-

anisoyl chloride (1.19 mmol, 0.161 mL). The reaction was carried out overnight (ca. 15 hs) 

at 80 °C. After workup, the residue was forwarded to automatic column chromatography 

(Normal Phase, Biotage SNAP Ultra 10g cartridge, 12 mL/min flowrate, 1%  10% 

EtOAc/hexanes, 10 mL max fraction volume, collect all fractions, 1 mAU start threshold) 

to give 103.6 mg (58%) of 118 as an opaque oil. [α]D
20 –18.2 (c 0.51, CHCl3); 

1H NMR 

(400 MHz, CDCl3) δ 8.18 – 8.04 (2 H, m, CH), 7.00 – 6.90 (2 H, m, CH), 5.31 (1 H, dt, J = 

11.1, 1.8 Hz, CHOBzOCH3), 4.79 (1 H, q, J = 1.4 Hz, C=CHH), 4.68 (1 H, q, J = 1.2, 0.8 

Hz, C=CHH), 3.86 (3 H, s, BzOCH3), 2.15 (1 H, dddd, J = 14.2, 10.8, 5.8, 2.7 Hz, CH), 

1.99 (1 H, pd, J = 7.0, 2.9 Hz, CH), 1.87 (1 H, dq, J = 12.7, 3.7 Hz, 1 H), 1.78 (dq, J = 

13.3, 3.5 Hz, CH), 1.68 (1 H, ddt, J = 12.2, 11.1, 3.3 Hz, CH), 1.37 (1 H, qd, J = 13.0, 3.8 

Hz, CH), 1.11 (3 H, d, J = 6.5 Hz, CH3), 1.09 – 0.98 (m, 1 H), 0.92 (3 H, d, J = 7.0 Hz, i-

PrCH3), 0.84 (3 H, d, J = 7.0 Hz, i-PrCH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 165.5 (C), 

163.5 (C), 152.0 (C), 131.8 (CH), 122.8 (C), 113.8 (CH), 101.8 (CH2), 76.3 (CH), 55.5 

(CH3), 49.6 (CH), 36.8 (CH), 35.8 (CH2), 27.2 (CH), 23.6 (CH2), 20.8 (CH3), 18.1 (CH3), 

16.4 (CH3). IR (film, cm-1) 2958, 2930, 2872, 1714, 1605, 1511, 1275, 1257, 1167, 1113, 

1100, 1031, 846, 768. LRMS (EI) 302 (M+, 40%), 259 (100). LRMS (CI) 320 (M+NH4)
+, 

303 (M+H)+. HRMS (EI) calcd for C19H26O3 302.1882, found 302.1893. 
 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 3-methoxybenzoate (117) 

General procedure VIII was followed, using 74 mg (0.44 mmol) 91 and 2 mL of the 

solution of the crude residue from the formation of 3-methoxybenzoyl chloride in 4 mL 

pyr. The reaction was carried out overnight (ca. 14 hs) at 80 °C. After workup, the residue 

was purified using automatic column chromatography (Normal Phase, Biotage SNAP Ultra 

25g cartridge, 25 mL/min flowrate, 0%  6% EtOAc/hexanes, 10 mL max fraction 

volume, collect all fractions, 2 mAU start threshold) to give 117 (92.9 mg, 70 %) as an 
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opaque oil. [α]D
20 –19.3 (c 0.66, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 7.74 (1 H, ddd, J = 

7.6, 1.5, 1.0 Hz, CH), 7.66 (1 H, dd, J = 2.6, 1.5 Hz, CH), 7.38 (1 H, ddd, J = 8.1, 7.6, 0.4 

Hz, CH), 7.13 (1 H, ddd, J = 8.3, 2.7, 1.0 Hz, CH), 5.34 (1 H, dt, J = 11.1, 1.8 Hz, 

CHOBzOCH3), 4.80 (1 H, q, J = 1.3 Hz, C=CHH), 4.69 (1 H, td, J = 1.8, 0.9 Hz, C=CHH), 

3.86 (3 H, s, OCH3), 2.23 – 2.09 (1 H, m, CH), 1.99 (1 H, pd, J = 7.0, 2.9 Hz, CH), 1.88 (1 

H, dq, J = 12.7, 3.7 Hz, CH), 1.79 (1 H, dq, J = 13.2, 3.5 Hz, CH), 1.70 (1 H, dddd, J = 

12.2, 11.1, 3.7, 2.9 Hz, CH), 1.45 – 1.31 (1 H, m, CH), 1.12 (3 H, d, J = 6.6 Hz, CH3), 1.10 

– 0.98 (1 H, m, CH), 0.93 (3 H, d, J = 7.0 Hz, CH3), 0.84 (d, J = 7.0 Hz, CH3). 
13C{1H} 

NMR (100 MHz, CDCl3) δ 165.6 (C), 159.8 (C), 151.8 (C), 131.7 (C), 129.6 (CH), 122.1 

(CH), 119.4 (CH), 114.5 (CH), 101.9 (CH2), 76.8 (CH), 55.5 (CH3), 49.6 (CH), 36.9 (CH), 

35.8 (CH2), 27.2 (CH), 23.5 (CH2), 20.8 (CH3), 18.1 (CH3), 16.4 (CH3). IR (film, cm-1) 

2958, 2930, 2872, 1721, 1601, 1585, 1487, 1465, 1454, 1277, 1228, 1101, 1046, 895, 753. 

LRMS (EI) 150 (54%), 135 (100), 107 (68), 92 (12), 77 (24). LRMS (EI) 302 (M+, 30%), 

260 (20), 259 (100). LRMS (CI) 320 (M+NH4)
+. HRMS(EI) calcd for C19H26O3 302.1882, 

found 302.1884. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 2-methoxybenzoate (118) 

General procedure VIII was followed, using 77.5 mg of 91 and 2 mL of the solution of the 

crude residue from the formation of 2-methoxybenzoyl chloride in 4 mL pyr. The reaction 

was carried out overnight (ca. 16 hs) at 80 °C. After workup, the residue was purified using 

automatic column chromatography (Normal Phase, Biotage SNAP Ultra 10g cartridge, 12 

mL/min flowrate, 2%  16% EtOAc/hexanes, 15 mL max fraction volume, collect all 

fractions, 4 mAU start threshold) to give 94.3 mg (66%) of 118. Recrystallization from 5% 

EtOAc/hexanes was conducted to get analytical-grade white crystals. mp 51-52oC (5% 

EtOAc/hexanes). [α]D
20 –25.3 (c 0.58, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.85 (1 H, 

dd, J = 7.9, 1.8 Hz, CH), 7.48 (1 H, ddd, J = 9.4, 7.5, 1.8 Hz, CH), 7.00 (2 H, t, J = 7.5 Hz, 

CH), 5.32 (1 H, dt, J = 11.2, 1.8 Hz, CHOBzOCH3), 4.89 (1 H, s, C=CHH), 4.70 (1 H, q, J 

= 1.5 Hz, C=CHH), 3.89 (3 H, s, OCH3), 2.12 (1 H, ddtt, J = 23.9, 9.9, 7.0, 4.1 Hz, CH), 

1.93 – 1.82 (1 H, m, CH), 1.77 (1 H, dq, J = 13.3, 3.6 Hz, CH), 1.64 (1 H, tt, J = 11.5, 3.4 

Hz, CH), 1.36 (1 H, qd, J = 12.9, 3.9 Hz, CH), 1.11 (3 H, d, J = 6.5 Hz, CH3), 1.05 (1 H, td, 

J = 12.7, 3.8 Hz, CH), 0.93 (3 H, d, J = 7.0 Hz, CH3), 0.85 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 165.7 (C), 159.3 (C), 151.8 (C), 133.4 (CH), 131.5 

(CH), 120.3 (CH), 112.2 (CH), 102.0 (CH2), 76.6 (CH), 56.0 (CH3), 49.6 (CH), 36.9 (CH), 

35.9 (CH2), 26.9 (CH), 23.3 (CH2), 21.0 (CH3), 18.2 (CH3), 16.1 (CH3). IR (film, cm-1) 

2958, 2932, 2872, 1728, 1601, 1491, 1464, 1436, 1301, 1252, 1129, 1097, 1077, 1048, 
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1025, 995, 897, 754. LRMS (EI) 150 (34), 135 (100), 107 (14), 92 (10), 77 (20). LRMS 

(EI) 302 (64), 259 (100). LRMS (CI) 303 (M+H)+. EA calcd for C19H26O3: %C 75.46; %H 

8.67; found: %C 75.18, %H 8.41. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 2-acetoxybenzoate (119) 

General procedure VIII was followed, using 180 mg 91 (1.10 mmol) and a solution of the 

crude residue from the formation of 2-acetoxybenzoyl chloride in 3 mL pyr. The reaction 

was carried out for 1 h at 80 °C. After workup, the residue was purified using column 

chromatography (200 mL SiO2, 10% Et2O/ 15% CHCl3/ hexanes) to give 28 mg (8%) of 

119, which was consumed in the formation of 120. 1H NMR (400 MHz, CDCl3) δ 8.15 (1 

H, dd, J = 7.9, 1.8 Hz, CH), 7.58 (1 H, tdd, J = 7.4, 1.8, 0.7 Hz, CH), 7.39 – 7.30 (1 H, m, 

CH), 7.16 – 7.09 (1 H, m, CH), 5.31 (1 H, dd, J = 11.2, 1.8 Hz, CHOBzOAc), 4.83 (1 H, d, 

J = 1.7 Hz, C=CHH), 4.70 (1 H, d, J = 1.8 Hz, C=CHH), 2.32 (3 H, d, J = 0.6 Hz, 

BzOC(O)CH3), 2.20 – 2.07 (1 H, m, CH), 1.98 (1 H, pd, J = 6.9, 2.8 Hz, CH), 1.87 (1 H, 

dq, J = 12.7, 3.7 Hz, CH), 1.78 (1 H, dq, J = 13.4, 3.5 Hz, CH), 1.61 (1 H, ddd, J = 16.3, 

10.0, 4.0 Hz, CH), 1.35 (1 H, qd, J = 12.9, 3.7 Hz, CH), 1.11 (3 H, d, J = 6.5 Hz, CH3), 

1.03 (1 H, qd, J = 12.7, 3.8 Hz, CH), 0.91 (3 H, d, J = 7.0 Hz, CH3), 0.81 (3 H, d, J = 6.9 

Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 169.7 (C), 163.7 (C), 151.4 (C), 151.0 (C), 

134.0 (CH), 132.1 (CH), 126.2 (CH), 124.2 (CH), 123.5 (C), 115.1 (C), 102.2 (CH2), 76.9 

(CH), 49.8 (CH), 36.9 (CH), 35.8 (CH2), 26.9 (CH), 23.3 (CH2), 21.2 (CH3), 21.0 (CH3), 

18.1 (CH3), 16.0 (CH3). 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 2-acetoxybenzoate (119) 

General procedure VIII was followed, using 88.5 mg 91 (0.530 mmol) and a solution of the 

crude residue from the formation of 2-acetoxybenzoyl chloride in 1 mL pyr. The reaction 

was carried out overnight (ca. 15 hs) at 80 °C. After workup, the residue was purified using 

automatic column chromatography (Normal Phase, Biotage ZIP KP-Sil 5g cartridge, 6 

mL/min flowrate, 2%  16% EtOAc/hexanes, 6 mL max fraction volume, collect all 

fractions, 1 mAU start threshold) to furnish 119 (9.3 mg, 5%) as a clear, colourless oil. 

[α]D
20 – 33.4 (c 0.46, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 8.15 (1 H, dd, J = 7.9, 1.7 Hz, 
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CH), 7.58 (1 H, ddd, J = 8.1, 7.4, 1.8 Hz, CH), 7.35 (1 H, td, J = 7.6, 1.2 Hz, CH), 7.12 (1 

H, dd, J = 8.1, 1.2 Hz, CH), 5.31 (1 H, dt, J = 11.2, 1.8 Hz, CHOBzOAc), 4.83 (1 H, d, J = 

1.7 Hz, C=CHH), 4.70 (1 H, td, J = 1.8, 0.7 Hz, C=CHH), 2.32 (3 H, s, BzOC(O)CH3), 

2.14 (1 H, dtd, J = 12.4, 6.7, 3.8 Hz, CH), 1.98 (1 H, pd, J = 6.9, 2.9 Hz, CH), 1.87 (1 H, 

dq, J = 12.7, 3.7 Hz, CH), 1.78 (1 H, dq, J = 13.4, 3.5 Hz, CH), 1.62 (1 H, dddd, J = 12.3, 

11.3, 3.7, 2.9 Hz, CH), 1.35 (1 H, qd, J = 13.0, 3.8 Hz, CH), 1.11 (3 H, d, J = 6.5 Hz, CH3), 

1.03 (1 H, qd, J = 12.7, 3.8 Hz, CH), 0.92 (3 H, dd, J = 6.9, 1.7 Hz, CH3), 0.81 (3 H, d, J = 

6.9 Hz, CH3 ). 
13C{1H} NMR (100 MHz, CDCl3) δ 169.8 (C), 163.7 (C), 151.4 (C), 151.0 

(C), 134.0 (CH), 132.1 (CH), 126.2 (CH), 124.2 (CH), 123.5, 102.2 (CH2), 76.9 (CH), 49.8 

(CH), 36.9 (CH), 35.8 (CH2), 26.9 (CH), 23.3 (CH2), 21.3 (CH3), 21.0 (CH3), 18.1 (CH3), 

16.0 (CH3). IR (film, cm-1) 2959, 2931, 2872, 1774, 1725, 1607, 1452, 1385, 1368, 1291, 

1264, 1250, 1193, 1080, 914, 752. LRMS (EI) 150 (100%), 125 (46), 121 (82), 95 (38). 

LRMS (CI) 348 ((M+NH4)
+, 14%), 198 (24), 151 (100%). HRMS (ESI) calcd for C20H26-

NaO4 353.1723 found 353.172. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 2-hydroxybenzoate (120) 

General procedure IX was followed using 28 mg of 119 (0.09 mmol) and 3 eq NH3 solution 

(7 N in MeOH). The reaction was carried out over 3 days, with a condenser added after 2 

days to prevent solvent from evaporating. After workup, the residue was purified using 

automatic column chromatography (Normal Phase, Biotage ZIP KP-Sil 10g cartridge, 12 

mL/min flowrate, 1%  8% EtOAc/hexanes, 12 mL max fraction volume, collect all 

fractions, 2 mAU start threshold) to give 13.3 mg (54%) of 120. [α]D
20 – 32.2 (c 0.67, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 10.86 (1 H, d, J = 3.9 Hz, BzOH), 7.99 (1 H, dt, J = 

7.9, 1.9 Hz, CH), 7.49 (1 H, td, J = 8.6, 8.0, 1.8 Hz, CH), 7.01 (1 H, dd, J = 8.4, 1.1 Hz, 

CH), 6.92 (1 H, ddd, J = 8.2, 7.3, 1.3 Hz, CH), 5.36 (1 H, dt, J = 11.1, 1.7 Hz, CHOBzOH), 

4.78 (1 H, d, J = 1.7 Hz, C=CHH), 4.76 – 4.66 (1 H, m, C=CHH), 2.23 – 2.09 (1 H, m, 

CH), 1.94 (1 H, dddd, J = 35.9, 12.5, 7.3, 3.4 Hz, CHH), 1.80 (1 H, dq, J = 13.2, 3.5 Hz, 

CH), 1.72 (1 H, ddt, J = 12.1, 11.1, 3.3 Hz, CH), 1.38 (1 H, qd, J = 12.9, 3.8 Hz, CH), 1.13 

(3 H, d, J = 6.4 Hz, CH3), 1.10 – 0.99 (1 H, m, CH), 0.93 (3 H, d, J = 7.0 Hz, CH3), 0.84 (3 

H, d, J = 6.8 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 169.5 (C), 162.1 (C), 151.4 

(C), 135.9 (CH), 129.9 (CH), 119.4 (CH), 117.9 (CH), 112.6, 102.2 (CH2), 77.2 (CH), 49.5 

(CH), 36.9 (CH), 35.7 (CH2), 27.3 (CH), 23.5 (CH2), 20.8 (CH3), 18.1 (CH3), 16.4 (CH3). 

IR (film, cm-1) 3186, 2959, 2927, 2872, 2854, 1740, 1677, 1652, 1614, 1583, 1485, 1466, 

1370, 1301, 1249, 1213, 1158, 1138, 1089, 898, 757, 700. LRMS (EI) 150 (70%), 121 
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(100), 107 (42), 93 (26). LRMS (CI) 306 ((M+NH4)
+, 100%), 289 ((M+H)+, 66). HRMS 

(ESI) calcd for C18H24NaO3 311.1618 found 311.1631. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-acetoxybenzoate (121) 

General procedure VIII was followed, using 182.3 mg 91 (1.080 mmol) and a solution of 

the crude residue from the formation of 4-acetoxybenzoyl chloride in 2 mL pyr. The 

reaction was carried out for 2 h at 80 °C, then stirred at rt for 24 h before the work-up as 

described in General procedure VIII was carried out. The residue was purified using 

column chromatography (200 mL SiO2, 10% Et2O/10% CHCl3/hexanes) to give 110.1 mg 

(33%) of 121 as a clear, colourless oil. [α]D
20 –22.5 (c 0.37, CHCl3). 

1H NMR (300 MHz, 

CDCl3) δ 8.23 – 8.10 (2 H, m, CH), 7.24 – 7.12 (2 H, m, CH), 5.33 (1 H, dt, J = 11.1, 1.8 

Hz, CHOBzOAc), 4.77 (1 H, q, J = 1.3 Hz, C=CHH), 4.69 (1 H, td, J = 1.8, 0.8 Hz, 

C=CHH), 2.32 (3 H, s, OCOCH3), 2.23 – 2.07 (1 H, m, CH), 1.98 (1 H, qd, J = 7.0, 2.8 Hz, 

CH), 1.88 (1 H, dq, J = 12.5, 3.7 Hz, CH), 1.83 – 1.71 (1 H, m, CH), 1.71 – 1.61 (1 H, m, 

CH), 1.46 – 1.29 (1 H, m, CH), 1.11 (3 H, d, J = 6.5 Hz, CH3), 1.02 (1 H, td, J = 12.6, 3.6 

Hz, 1H), 0.92 (3 H, d, J = 7.0 Hz, CH3), 0.83 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} NMR (75 

MHz, CDCl3) δ 169.0 (C), 164.9 (C), 154.5 (C), 151.8 (C), 131.4 (CH), 128.0 (C), 121.8 

(CH), 101.9 (CH2), 76.8 (CH), 49.6 (CH), 36.9 (CH), 35.8 (CH2), 27.2 (CH), 23.5 (CH2), 

21.2 (CH3), 20.8 (CH3), 18.1 (CH3), 16.3 (CH3). IR (film, cm-1) 2959, 2932, 2873, 1764, 

1722, 1603, 1369, 1274, 1195, 1161, 1115, 1100, 1016, 912. LRMS (EI) 163 (24%), 150 

(64), 121 (100), 107 (40). LRMS (CI) 348 ((M+NH4)
+, 74%), 198 (30), 151 (100). HRMS 

(ESI) calcd for C20H26NaO4 353.1723, found 353.1739. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-hydroxybenzoate (122) 

General procedure IX was followed, using 54.6 mg of 121 (0.165 mmol) and quenching the 

reaction after 4 hs. A work-up was carried out after concentrating the reaction solution in 

vacuo: 10 mL Et2O was added to the residue, the organic layer was washed with deionized 

water (3 x 5 mL), then dried over Na2SO4, filtered into a round-bottom flask and 

concentrated. The residue was purified using automatic column chromatography (Normal 

Phase, Biotage SNAP KP-Sil 10g cartridge, 12 mL/min flowrate, 5%  40% 
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EtOAc/hexanes, 11 mL max fraction volume, collect all fractions, 2 mAU start threshold) 

to give 122 (31.1 mg, 65%) as a white crystalline solid. mp 133-135 °C. [α]D
20 –15.2 (c 

0.31, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 8.07 – 7.99 (2 H, m, CH), 6.96 (1 H, d, J = 

13.1 Hz, OH), 6.94 – 6.88 (2 H, m, CH), 5.29 (1 H, dd, J = 11.1, 1.8 Hz, CHOBzOH), 4.77 

(1 H, d, J = 1.8 Hz, C=CHH), 4.68 (1 H, d, J = 1.9 Hz, C=CHH), 2.11 (1 H, ddt, J = 12.4, 

6.7, 4.3 Hz, CH), 1.99 (1 H, pd, J = 7.0, 2.9 Hz, CH), 1.86 (1 H, dt, J = 12.5, 3.7 Hz, CH), 

1.77 (1 H, dq, J = 13.2, 3.5 Hz, CH), 1.73 – 1.64 (1 H, m, CH), 1.36 (1 H, qd, J = 12.9, 3.8 

Hz, CH), 1.09 (3 H, d, J = 6.5 Hz, CH3), 1.02 (1 H, td, J = 12.6, 3.6 Hz, CH), 0.92 (3 H, d, 

J = 7.0 Hz, CH3), 0.82 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 166.4 

(C), 160.8 (C), 151.9 (C), 132.2 (CH), 122.2 (C), 115.6 (CH), 101.9 (CH2), 76.9 (CH), 49.6 

(CH), 36.9 (CH), 35.8 (CH2), 27.2 (CH), 23.6 (CH2), 20.8 (CH3), 18.1 (CH3), 16.4 (CH3). 

IR (film, cm-1) 3355, 2960, 2930, 2873, 1683, 1608, 1594, 1514, 1443, 1283, 1233, 1165, 

1126, 1100, 850, 771. LRMS (EI) 150 (75%), 135 (22), 121 (100), 107 (38), 93 (22). 

LRMS (CI) 306 ((M+Na)+, 44%), 151 ((M+H)+, 100). EA calcd for C18H24O3: %C 74.97, 

%H 8.39; found: %C 74.02, %H 8.22. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 3-acetoxybenzoate (123) 

General procedure VIII was followed, using 90.0 mg 91 (0.535 mmol) and a solution of the 

crude residue from the formation of 3-acetoxybenzoyl chloride in 1.5 mL pyr. The reaction 

was carried out for 3 h at 80 °C. After workup the residue was purified using column 

chromatography (150 mL SiO2, 10% Et2O/15% CHCl3/hexanes) to give 123 (152.9 mg, 

86%) as a light yellow oil. [α]D
20 –13.3 (c 0.34, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 

8.01 (1 H, dt, J = 7.8, 1.3 Hz, CH), 7.83 (1 H, dd, J = 2.4, 1.5 Hz, CH), 7.48 (1 H, t, J = 7.9 

Hz, CH), 7.32 (1 H, ddd, J = 8.1, 2.4, 1.1 Hz, CH), 5.34 (1 H, dt, J = 11.1, 1.7 Hz, 

CHOBzOAc), 4.77 (1 H, d, J = 1.8 Hz, C=CHH), 4.68 (1 H, td, J = 1.7, 0.8 Hz, C=CHH), 

2.31 (3 H, s, BzOC(O)CH3), 2.14 (1 H, dtd, J = 12.7, 6.6, 6.0, 2.8 Hz, CH), 1.97 (1 H, pd, J 

= 7.0, 2.9 Hz, CH), 1.87 (1 H, dq, J = 12.5, 3.7 Hz, CH), 1.78 (1 H, dq, J = 13.3, 3.5 Hz, 

CH), 1.69 (1 H, ddt, J = 12.2, 11.1, 3.2 Hz, CH), 1.43 – 1.30 (1 H, m, CH), 1.10 (3 H, d, J = 

6.6 Hz, CH3), 1.08 – 0.97 (1 H, m, CH), 0.92 (3 H, d, J = 7.0 Hz, CH3), 0.83 (3 H, d, J = 

7.0 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 169.3 (C), 164.7 (C), 151.5 (C), 150.8 

(C), 131.9 (C), 129.5 (CH), 127.2 (CH), 126.5 (CH), 122.9 (CH), 101.9 (CH2), 76.9 (CH), 

49.5 (CH), 36.8 (CH), 35.7 (CH2), 27.1 (CH), 23.4 (CH2), 21.1 (CH3), 20.8 (CH3), 18.0 

(CH3), 16.2 (CH3). IR (film, cm-1) 2959, 2932, 2873, 1771, 1723, 1652, 1589, 1443 1370, 

1292, 1271, 1202, 1100, 1074, 1012, 1001, 896, 752. LRMS (EI) 163 (74%), 150 (100), 
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135 (30), 121 (84), 107 (60), 93 (26). LRMS (CI) 348 ((M+NH4)
+, 100%), 198 (76), 151 

((M+H)+, 24). HRMS (ESI) calcd for C20H26NaO4 353.1723 found 353.1734. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 3-hydroxybenzoate (124) 

General procedure IX was followed, using 88.9 mg of 123 (0.270 mmol) and carrying out 

the reaction for 24 hs. After workup, the residue was purified using automatic column 

chromatography (Normal Phase, Biotage SNAP KP-Sil 10g cartridge, 12 mL/min flowrate, 

3%  24% EtOAc/hexanes, 10 mL max fraction volume, collect all fractions, 1 mAU start 

threshold) to furnish 124 (57.7 mg, 74% yield) as an opaque oil. [α]D
20 – 15.0 (c 0.41, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 7.70 (2 H, ddt, J = 5.2, 2.7, 1.4 Hz, CH), 7.33 (1 H, 

t, J = 8.1 Hz, CH), 7.10 (1 H, ddd, J = 8.2, 2.6, 1.1 Hz, CH), 6.43 (1 H, s, BzOH), 5.31 (1 

H, dt, J = 11.1, 1.7 Hz, CHOBzOH), 4.77 (1 H, d, J = 1.7 Hz, C=CHH), 4.67 (1 H, t, J = 

1.9 Hz, C=CHH), 2.13 (1 H, tdd, J = 12.4, 10.7, 5.0, 3.1 Hz, CH), 1.97 (1 H, pt, J = 7.1, 3.6 

Hz, CH), 1.87 (1 H, dq, J = 12.6, 3.7 Hz, CH), 1.77 (1 H, dq, J = 13.3, 3.5 Hz, CH), 1.68 (1 

H, tt, J = 11.2, 3.3 Hz, CH), 1.36 (1 H, qd, J = 12.9, 12.2, 3.2 Hz, CH), 1.09 (3 H, d, J = 6.6 

Hz, CH3), 1.07 – 0.97 (1 H, m, CH), 0.91 (3 H, d, J = 7.0 Hz, CH3), 0.82 (3 H, d, J = 6.9 

Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 166.3 (C), 156.3 (C), 151.6 (C), 131.5 (C), 

129.9 (CH), 122.0 (CH), 120.6 (CH), 116.7 (CH), 102.0 (CH2), 77.2 (CH), 49.5 (CH), 36.8 

(CH), 35.8 (CH2), 27.2 (CH), 23.5 (CH2), 20.8 (CH3), 18.1 (CH3), 16.3 (CH3). IR (film, cm-

1) 3398, 2960, 2932, 2873, 1719, 1695, 1589, 1453, 1293, 1224, 1108, 997, 896, 755. 

LRMS (CI) 306 ((M+NH4)
+, 16%), 151 ((M+H)+, 100). HRMS (ESI) calcd for C18H24NaO3 

311.1618 found 311.1618. 
 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-methylbenzoate (125) 

General procedure VIII was followed, using 90.0 mg 91 (0.535 mmol) and the crude 

residue from the formation of p-toluoyl chloride in 1 mL pyr. The reaction was completed 

by TLC after 1 h reacting at 80 °C. After workup, the residue was purified using automatic 

column chromatography (Normal Phase, Biotage ZIP KP-Sil 30g cartridge, 20 mL/min 

flowrate, 0%  6% EtOAc/hexanes, 11 mL max fraction volume, collect all fractions, 2 

mAU start threshold) to give 83.9 mg (55%) of 125 as a light yellow oil. [α]D
20 – 19.9 (c 

0.33, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 8.10 – 7.99 (2 H, m, CH), 7.27 (2 H, d, J = 8.0 
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Hz, CH), 5.34 (1 H, dt, J = 11.1, 1.7 Hz, CHOBzOCH3), 4.80 (1 H, q, J = 1.3 Hz, C=CHH), 

4.69 (1 H, t, J = 1.4 Hz, C=CHH), 2.43 (3 H, s, OCH3), 2.23 – 2.10 (1 H, m, CH), 2.01 (1 

H, dqd, J = 9.8, 6.9, 6.4, 3.0 Hz, CH), 1.88 (1 H, dt, J = 12.5, 3.7 Hz, CH), 1.79 (1 H, dq, J 

= 13.1, 3.5 Hz, CH), 1.75 – 1.64 (1 H, m, CH), 1.38 (1 H, qd, J = 13.0, 3.8 Hz, CH), 1.12 (3 

H, d, J = 6.6 Hz, CH3), 1.04 (1 H, td, J = 12.7, 3.8 Hz, CH), 0.93 (3 H, d, J = 7.1 Hz, CH3), 

0.84 (3 H, d, J = 7.0 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 165.8 (C), 151.9 (C), 

143.7 (C), 129.9 (CH), 129.3 (CH), 127.6 (C), 101.8 (CH2), 76.4 (CH), 49.6 (CH), 36.9 

(CH), 35.8 (CH2), 27.2 (CH), 23.5 (CH2), 21.8 (CH3), 20.8 (CH3), 18.1 (CH3), 16.4 (CH3). 

IR (film, cm-1) 2959, 2930, 2872, 1721, 1613, 1275, 1177, 1108, 896, 752. LRMS (CI) 304 

((M+NH4)
+, 22%), 151 ((M+H)+, 100). HRMS (ESI) calcd for C18H30O2N 304.2271, found 

304.2268. 
 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-(dimethylamino) benzoate 

(126) 

General procedure VIII was followed, using 90.0 mg 91 (0.535 mmol) and a solution of the 

crude residue from the formation of N,N-dimethyl-4-aminobenzoyl chloride in 2 mL pyr. 

The reaction was completed by TLC after 1 h reacting at 80 °C. The product was purified 

using column chromatography (150 mL SiO2, 10% EtOAc/1% NEt3/hexanes12% 

EtOAc/1% NEt3/hexanes) and to give 147.3 mg (87%) of 126. The product was 

recrystallized from 10% EtOAc/hexanes to get analytical-grade white crystals. mp 108-

110°C (10% EtOAc/hexanes). [α]D
20 –12.7 (c 0.31, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 

8.07 – 7.94 (2 H, m, CH), 6.75 – 6.62 (2 H, m, CH), 5.28 (1 H, dt, J = 11.2, 1.8 Hz, 

CHOBzN(CH3)2), 4.81 (1 H, q, J = 1.4 Hz, C=CHH), 4.66 (1 H, q, J = 1.5 Hz, C=CHH), 

3.05 (6 H, s, N(CH3)2), 2.15 (1 H, dt, J = 12.0, 6.0 Hz, CH), 2.00 (1 H, pd, J = 7.0, 2.9 Hz, 

CH), 1.87 (1 H, dq, J = 12.6, 3.7 Hz, CH), 1.76 (1 H, dq, J = 13.3, 3.5 Hz, CH), 1.72 – 1.61 

(1 H, m, CH), 1.46 – 1.30 (1 H, m, CH), 1.10 (3 H, d, J = 6.5 Hz, CH3), 1.02 (1 H, td, J = 

12.6, 3.7 Hz, CH), 0.91 (3 H, d, J = 7.0 Hz, CH3), 0.83 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} 

NMR (75 MHz, CDCl3) δ 166.0 (C), 153.4 (C), 152.3 (C), 131.4 (CH), 117.1 (C), 110.8 

(CH), 101.6 (CH2), 75.6 (CH), 49.6 (CH), 40.0 (CH3), 36.8 (CH), 35.8 (CH2), 27.2 (CH), 

23.6 (CH2), 20.7 (CH3), 18.0 (CH3), 16.4 (CH3). IR (film, cm-1) 2957, 2927, 2870, 1703, 

1606, 1527, 1384, 1368, 1277, 1183, 1108, 768. LRMS (EI) 315 (M+, 15%), 166 (20), 165 

(100), 148 (50). LRMS (CI) 316 ((M+H)+, 100%), 315 (32), 166 (44), 151 (86). EA calcd 

for C20H29O2N: %C 76.15, %H 9.27, %N 4.44; found: %C 74.94, %H 9.16, %N 4.40.  
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(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-nitrobenzoate (127) 

General procedure VII was followed, using 80.0 mg (0.475 mmol) 91, 4 eq commercially 

available 4-nitrobenzoyl chloride, and the reaction was carried out overnight (ca. 17 hs) at 

80 °C. After workup, the reside was purified using automatic column chromatography 

(Normal Phase, Biotage SNAP Ultra 25g cartridge, 25 mL/min flowrate, 0%  6% 

EtOAc/hexanes, 20 mL max fraction volume, collect all fractions, 2 mAU start threshold) 

to give 130.3 mg (86%) of 127. The product was recrystallized from hexanes to get 

analytical-grade white crystals. mp 65-66°C (hexanes). [α]D
20 –27.5 (c 0.26, CHCl3). 

1H 

NMR (400 MHz, CDCl3) δ 8.40 – 8.21 (4 H, m, CH), 5.36 (1 H, dt, J = 11.1, 1.8 Hz, 

CHOBzNO2), 4.78 – 4.63 (2 H, m, C=CHH), 2.15 (1 H, tddd, J = 10.8, 6.5, 5.3, 1.7 Hz, 

CH), 1.91 (2 H, dddd, J = 26.9, 12.7, 7.2, 3.4 Hz, CHH), 1.79 (1 H, dq, J = 13.3, 3.5 Hz, 

CH), 1.71 (1 H, dddd, J = 12.3, 11.2, 3.8, 2.9 Hz, CH), 1.46 – 1.31 (1 H, m, CH), 1.10 (3 H, 

d, J = 6.6 Hz, CH3), 1.03 (1 H, td, J = 12.6, 3.7 Hz, CH), 0.92 (3 H, d, J = 7.0 Hz, CH3), 

0.82 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 163.8 (C), 151.3 (C), 

150.7 (C), 135.7 (C), 130.9 (CH), 123.7 (CH), 102.0 (CH2), 77.7 (CH), 49.5 (CH), 36.9 

(CH), 35.6 (CH2), 27.3 (CH), 23.4 (CH2), 20.8 (CH3), 18.0 (CH3), 16.3 (CH3). IR (film, cm-

1) 2960, 2930, 2873, 1726, 1529, 1349, 1275, 1117, 1102, 719. LRMS (EI) 150 (100%), 

135 (20), 107 (42), 104 (22). LRMS (EI) 318 (M+, 54), 274 (100). LRMS (CI) 335 

(M+NH4)
+, 151.1 (M+H)+. EA calcd for C18H23NO4: %C 68.12; %H 7.30; %N 4.11; found: 

%C 68.27, %H 7.19, %N 4.34. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl methyl terephthalate (128) 

General procedure VIII was followed using 90.0 mg 91 (0.535 mmol) and a solution of the 

crude residue from the formation of methyl 4-(chlorocarbonyl)benzoate in 3.5 mL pyr. The 

reaction was carried out for 1 h at 80 °C. The 1 M HCl washes were intentionally skipped 

during the workup. After workup, the residue was purified using column chromatography 

(150 mL SiO2, 10% EtOAc/hexanes) to produce 123.5 mg (73%) of 128 as a white powder. 

m.p. 88-90 °C. [α]D
20 – 18.0 (c 0.47, CHCl3).

 1H NMR (400 MHz, CDCl3) δ 8.16 (2 H, d, J 

= 8.5 Hz, CH), 8.09 (2 H, d, J = 8.5 Hz, CH), 5.32 (1 H, dt, J = 11.0, 1.7 Hz, 
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CHOBzC(O)OCH3), 4.73 (1 H, d, J = 1.7 Hz, C=CHH), 4.65 (1 H, d, J = 2.0 Hz, C=CHH), 

3.90 (3 H, s, BzC(O)OCH3), 2.11 (1 H, ddt, J = 12.1, 5.9, 3.1 Hz, CH), 1.93 (1 H, pd, J = 

6.9, 2.8 Hz, CH), 1.83 (1 H, dq, J = 12.6, 3.7 Hz, CH), 1.74 (1 H, dq, J = 13.1, 3.5 Hz, CH), 

1.67 (1 H, td, J = 11.5, 3.2 Hz, CH), 1.33 (1 H, qd, J = 12.8, 3.7 Hz, CH), 1.07 (3 H, d, J = 

6.6 Hz, CH3), 0.99 (1 H, td, J = 12.7, 3.7 Hz, CH), 0.88 (3 H, d, J = 7.0 Hz, CH3), 0.80 (3 

H, d, J = 7.0 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 166.2 (C), 164.8 (C), 151.4 

(C), 134.0 (C), 129.7 (CH), 101.9 (CH2), 77.0 (CH), 52.4 (CH3), 49.4 (CH), 36.8 (CH), 

35.6 (CH2), 27.1 (CH), 23.4 (CH2), 20.7 (CH3), 18.0 (CH3), 16.2 (CH3). IR (film, cm-1) 

2958, 2932, 2873, 1723, 1272, 1250, 1117, 1103, 1019, 730. LRMS (EI) 163 (100%), 150 

(60), 135 (34), 107 (40). LRMS (CI) 348 ((M+NH4)
+, 90%), 151 ((M+H)+, 100). EA calcd 

for C20H26O4: %C 72.70, %H 7.93; found: %C 72.29, %H 7.87. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 3-fluorobenzoate (129) 

General procedure VII was followed, using 94.7 mg (0.563 mmol) of 91, 4 eq of 

commercially available 4-fluorobenzoyl chloride, and the reaction was carried out 

overnight (ca. 18 hs) at 80 °C. After workup, the residue was purified using automatic 

column chromatography (Normal Phase, Biotage SNAP Ultra 25g cartridge, 25 mL/min 

flowrate, 0%  2% EtOAc/hexanes, 11 mL max fraction volume, collect all fractions, 1 

mAU start threshold) to give 123.6 mg (76%) of 129 as a light yellow oil. [α]D
20 –24.1 (c 

0.55, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 7.93 (1 H, dt, J = 7.7, 1.2 Hz, CH), 7.81 (1 H, 

ddd, J = 9.3, 2.6, 1.5 Hz, CH), 7.45 (1 H, td, J = 8.0, 5.5 Hz, CH), 7.34 – 7.25 (1 H, m, CH), 

5.33 (1 H, dt, J = 11.2, 1.8 Hz, CHOBzF), 4.76 (1 H, d, J = 1.8 Hz, C=CHH), 4.69 (1 H, td, 

J = 1.8, 0.8 Hz, C=CHH), 2.15 (1 H, tddd, J = 10.8, 8.4, 5.1, 3.2 Hz, CH), 1.97 (1 H, pd, J = 

7.0, 2.9 Hz, CH), 1.88 (1 H, dq, J = 12.6, 3.7 Hz, CH), 1.79 (1 H, dq, J = 13.3, 3.5 Hz, CH), 

1.70 (1 H, dddd, J = 12.2, 11.1, 3.8, 2.9 Hz, CH), 1.47 – 1.31 (1 H, m, CH), 1.12 (d, J = 6.5 

Hz, CH3), 1.10 – 0.98 (1 H, m, CH3), 0.93 (d, J = 7.0 Hz, CH3), 0.83 (d, J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 164.7 (C, d, JC-F = 2.8 Hz), 162.8 (C, d, JC-F = 247.5 

Hz), 151.7 (C), 132.6 (C, d, JC-F = 7.3 Hz), 130.2 (CH, d, JC-F = 7.7 Hz), 125.6 (CH, d, JC-F 

= 3.0 Hz), 120.2 (CH, d, JC-F = 21.2 Hz), 116.7 (CH, d, JC-F = 23.0 Hz), 102.0 (CH2), 77.2 

(CH), 49.6 (CH), 36.9 (CH), 35.8 (CH2), 27.3 (CH), 23.5 (CH2), 20.9 (CH3), 18.1 (CH3), 

16.4 (CH3). IR (film, cm-1) 2960, 2931, 2873, 1725, 1593, 1448, 1279, 1271, 1202, 1095, 

1068, 997, 895, 753. LRMS (CI) 308 ((M+NH4)
+, 100%), 151 ((M+H)+, 44) HRMS (ESI) 

calcd for C18H27O2NF 308.202, found 308.2019. 
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(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 2-fluorobenzoate (130) 

General procedure VII was followed using 90.0 mg (0.535 mmol) 91 and 4 eq of 

commercially available 2-fluorobenzoyl chloride (0.25 mL, 2.140 mmol). The reaction was 

carried out at 80 °C and went to completion (by TLC and 1H NMR) within 1 h. After 

workup, the residue was purified using automatic column chromatography (Normal Phase, 

Biotage SNAP KP-Sil 10g cartridge, 12 mL/min flowrate, 0%  4% EtOAc/hexanes, 11 

mL max fraction volume, collect all fractions, 2 mAU start threshold) to give 123.3 mg 

(79%) of 130 as a colourless oil. [α]D
20 –33.7 (c 0.42, CHCl3). 

1H NMR (400 MHz, CDCl3) 

δ 8.01 (1 H, td, J = 7.5, 1.9 Hz, CH), 7.52 (1 H, dddd, J = 8.3, 7.3, 4.8, 1.9 Hz, CH), 7.22 (1 

H, td, J = 7.6, 1.1 Hz, CH), 7.15 (1 H, ddd, J = 10.8, 8.3, 1.1 Hz, CH), 5.36 1 H, (dt, J = 

11.2, 1.7 Hz, CHOBzF), 4.85 (1 H, q, J = 1.3 Hz, C=CHH), 4.71 (1 H, q, J = 1.2 Hz, 

C=CHH), 2.14 (1 H, dtd, J = 14.0, 6.1, 1.6 Hz, CH), 2.03 (1 H, pd, J = 7.0, 2.9 Hz, CH), 

1.87 (1 H, dq, J = 12.6, 3.7 Hz, CH), 1.77 (1 H, dq, J = 13.3, 3.5 Hz, CH), 1.73 – 1.61 (1 H, 

m, CH), 1.36 (1 H, qd, J = 12.9, 3.8 Hz, CH), 1.11 (3 H, d, J = 6.6 Hz, CH3), 1.09 – 0.96 (1 

H, m, CH), 0.92 (3 H, d, J = 7.0 Hz, CH3), 0.84 (3 H, d, J = 7.0 Hz, CH3). 
13C{1H} NMR 

(CDCl3, 100 MHz) δ 163.6 (C, d, JC-F = 3.8 Hz), 162.1 (C, d, JC-F = 260.0 Hz), 151.4 (C), 

134.5 (CH, d, JC-F = 8.7 Hz), 132.2 (CH), 124.1 (CH, d, JC-F = 3.8 Hz), 119.0 (C, d, JC-F = 

9.9 Hz), 117.1 (CH, d, JC-F = 22.2 Hz), 102.0 (CH2), 77.1 (CH), 49.5 (CH), 36.9 (CH), 35.7 

(CH2), 26.9 (CH), 23.2 (CH2), 20.9 (CH3), 18.1 (CH3), 16.1 (CH3). IR (film, cm-1) 2960, 

2932, 2873, 1733, 1715, 1613, 1488, 1457, 1297, 1273, 1248, 1232, 1126, 1081, 757. 

LRMS (EI) 308 ((M+NH4)
+, 36%), 158 ((M+H)+, 82), 151 ((M+H)+, 100). HRMS (ESI) 

calcd for C18H23O2FNa 313.1574, found 313.1578. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-fluorobenzoate (131) 

General procedure VIII was followed using 90.0 mg of 91 (0.535 mmol) and 2.5 mL of the 

solution of the crude residue from the formation of 4-fluorobenzoyl chloride in 4 mL pyr. 

The reaction was completed by TLC after 2 hs reacting at 80 °C. After workup, the residue 

was purified using automatic column chromatography (Normal Phase, Biotage ZIP KP-Sil 

30g cartridge, 20 mL/min flowrate, 0%  6% EtOAc/hexanes, 11 mL max fraction 

volume, collect all fractions, 2 mAU start threshold) to give 128 mg (83%) of 131. The 
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product was recrystallized from hexanes to get analytical-grade white crystals. mp 66-68°C 

(hexanes). [α]D
20 – 30.7 (c 0.31, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 8.18 – 8.11 (2 H, 

m, CH), 7.17 – 7.09 (2 H, m, CH), 5.33 (1 H, dt, J = 11.1, 1.8 Hz, CHOBzF), 4.80 – 4.73 (1 

H, m, C=CHH), 4.68 (1 H, q, J = 1.3 Hz, C=CHH), 2.21 – 2.09 (1 H, m, CH), 1.97 (1 H, 

pd, J = 7.0, 2.9 Hz, CH), 1.87 (1 H, dq, J = 12.7, 3.7 Hz, CH), 1.78 (1 H, dq, J = 13.3, 3.5 

Hz, CH), 1.68 (1 H, ddt, J = 12.1, 11.1, 3.2 Hz, CH), 1.44 – 1.31 (1 H, m, CH), 1.10 (3 H, 

d, J = 6.6 Hz, CH3), 1.09 – 0.97 (1 H, m, CH), 0.92 (3 H, d, J = 7.0 Hz, CH3), 0.83 (3 H, d, 

J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 165.9 (C, d, JC-F=254.3 Hz), 164.7 

(C), 151.7 (C), 132.3 (CH, d, JC-F = 9.2 Hz), 126.6 (C, d, JC-F = 3.1 Hz), 115.7 (CH, d, JC-F = 

22.2 Hz), 101.8 (CH2), 76.8 (CH), 49.6 (CH), 36.8 (CH), 35.8 (CH2), 27.2 (CH), 23.5 

(CH2), 20.8 (CH3), 18.0 (CH3), 16.3 (CH3). IR (film, cm-1) 2960, 2932, 2873, 1723, 1602, 

1507, 1275, 1239, 1153, 1115, 1090, 897, 853, 766. LRMS (CI) 308 ((M+NH4)
+, 36%), 

151 ((M+H)+, 100). EA calcd for C18H23FO2: %C 74.45, %H 7.98; found: %C 73.93, %H 

8.06. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-cyanobenzoate (132) 

General procedure VIII was followed, using 90.0 mg 91 (0.54 mmol) and a solution of the 

crude residue from the formation of 4-cyanobenzoyl chloride in 1.5 mL pyr. The reaction 

was carried out for 1 h at 80 °C (monitored by TLC until no starting material visible). The 

residue was purified using column chromatography (180 mL SiO2, 8% EtOAc/hexanes) to 

give 91.4 mg (57%) of 132. The product was recrystallized from hexanes to get analytical-

grade white crystals. mp 60-62°C (hexanes). [α]D
20 –21.5 (c 0.41, CHCl3). 

1H NMR (400 

MHz, CDCl3) δ 8.29 – 8.18 (2 H, m, CH), 7.84 – 7.73 (2 H, m, CH), 5.35 (1 H, dd, J = 

11.1, 1.8 Hz, CHOBzCN), 4.70 (2 H, dd, J = 6.1, 1.7 Hz, C=CHH), 2.22 – 2.08 (1 H, m, 

CH), 2.00 – 1.84 (2 H, m, CHH), 1.80 (1 H, dq, J = 13.3, 3.5 Hz, CH), 1.70 (1 H, tt, J = 

11.8, 3.3 Hz, CH), 1.38 (1 H, qd, J = 12.9, 3.8 Hz, CH), 1.12 (3 H, d, J = 6.5 Hz, CH3), 

1.10 – 0.98 (1 H, m, CH), 0.93 (3 H, d, J = 7.0 Hz, CH3), 0.83 (3 H, d, J = 6.9 Hz, CH3).
 

13C{1H} NMR (100 MHz, CDCl3) δ 164.0 (C), 151.3 (C), 134.0 (C), 132.4 (CH), 130.2 

(CH), 118.0 (C), 116.5 (C), 101.9 (CH2), 77.5 (CH), 49.4 (CH), 36.8 (CH), 35.6 (CH2), 

27.2 (CH), 23.3 (CH2), 20.7 (CH3), 18.0 (CH3), 16.2 (CH3). IR (film, cm-1) 2960, 2932, 

2873, 2231, 1726, 1276, 1117, 1106, 766. LRMS (EI) 150 (56%), 130 (100), 107 (54), 102 

(40). LRMS (CI) 315 ((M+NH4)
+, 100), 151 ((M+H)+, 40). EA calcd for C19H23O2N: %C 

76.73, %H 7.80, %N 4.71; found: %C 76.56, %H 7.70, %N 4.55. 
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(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-(trifluoromethyl) benzoate 

(133) 

General procedure VII was followed, using 90.0 mg (0.535 mmol) 91 and 4 eq of 

commercially available 4-(trifluoromethyl)benzoyl chloride (0.320 mL, 2.14 mmol). The 

reaction was carried out for 1 h at 80 °C (completion by TLC). After workup, the residue 

was purified using column chromatography (200 mL SiO2, 3%  5% EtOAc/ hexanes) to 

give 166.5 mg (41%) of 133 as a light yellow oil. [α]D
20 – 20.1 (c 0.35, CHCl3). 

1H NMR 

(400 MHz, CDCl3) δ 8.26 (2 H, d, J = 8.1 Hz, CH), 7.73 (2 H, d, J = 8.1 Hz, CH), 5.38 (1 

H, dt, J = 11.0, 1.8 Hz, CHOBzCF3), 4.77 (1 H, d, J = 1.7 Hz, C=CHH), 4.70 (1 H, d, J = 

1.9 Hz, C=CHH), 2.25 – 2.09 (1 H, m, CH), 1.97 (1 H, pd, J = 7.0, 2.9 Hz, CH), 1.88 (1 H, 

dq, J = 12.6, 3.7 Hz, CH), 1.84 – 1.67 (2 H, m, CHH), 1.38 (1 H, qd, J = 12.8, 3.1 Hz, CH), 

1.11 (3 H, d, J = 6.5 Hz, CH3), 1.05 (1 H, dd, J = 12.6, 3.6 Hz, CH), 0.93 (3 H, d, J = 7.1 

Hz, CH3), 0.84 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) 

13C NMR 

(CDCl3, 101 MHz) δ 164.5 (C), 151.5 (C), 134.6 (C, q, JC-F = 32.9 Hz), 133.6 (C), 130.2 

(CH), 125.6 (CH, q, JC-F = 3.8 Hz), 123.8 (C, q, JC-F = 272.5 Hz), 101.9 (CH2), 77.3 (CH), 

49.6 (CH), 36.9 (CH), 35.7 (CH2), 27.3 (CH), 23.5 (CH2), 20.7 (CH3), 18.0 (CH3), 16.3 

(CH3). IR (film, cm-1) 2961, 2933, 2874, 1727, 1411, 1326, 1276, 1170, 1133, 1100, 1067, 

1018, 898, 862, 774, 703. LRMS (EI) 173 (100%), 150 (46), 145 (44), 107 (40). LRMS 

(CI) 358 ((M+NH4)
+, 48%), 151 ((M+H)+, 100). HRMS (ESI) calcd for C19H22F3NO2 

358.1988 found 358.1989. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-chlorobenzoate (134) 

General procedure VIII was followed, using 90.0 mg 91 (0.535 mmol) and a solution of the 

crude residue from the formation of 4-chlorobenzoyl chloride in 1.5 mL pyr. The reaction 

was carried out for 1 h at 80 °C. After workup, the residue was purified using column 

chromatography (80 mL SiO2, 4% EtOAc/hexanes) to give 87.5 mg (53%) of 134 as a 

slightly yellow oil. [α]D
20 –18.6 (c 0.49, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 8.10 – 8.03 

(2 H, m, CH), 7.48 – 7.40 (2 H, m, CH), 5.32 (1 H, dt, J = 11.1, 1.8 Hz, CHOBzCl), 4.75 (1 

H, d, J = 1.8 Hz, C=CHH), 4.68 (1 H, td, J = 1.8, 0.9 Hz, C=HH), 2.21 – 2.09 (1 H, m, 

CH), 1.96 (1 H, pd, J = 7.0, 2.9 Hz, CH), 1.88 (1 H, dq, J = 12.7, 3.7 Hz, CH), 1.78 (1 H, 
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dq, J = 13.3, 3.5 Hz, CH), 1.69 (1 H, dddd, J = 12.2, 11.2, 3.7, 2.9 Hz, CH), 1.44 – 1.30 (1 

H, m, CH), 1.11 (3 H, d, J = 6.6 Hz, CH3), 1.03 (1 H, td, J = 12.6, 3.7 Hz, CH), 0.92 (3 H, 

d, J = 7.0 Hz, CH3), 0.83 (3 H, d, J = 6.9 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 

164.9 (C), 151.7 (C), 139.6 (C), 131.2 (CH), 128.9 (CH), 128.8 (C), 101.9 (CH2), 77.0 

(CH), 49.6 (CH), 36.9 (CH), 35.8 (CH2), 27.3 (CH), 23.5 (CH2), 20.8 (CH3), 18.1 (CH3), 

16.4 (CH3). IR (film, cm-1) 2960, 2931, 2873, 1724, 1594, 1400, 1273, 1116, 1103, 1092, 

1015, 897, 848, 758. LRMS (EI) 150 (62%), 139 (100), 135 (22), 111 (32), 107 (50). 

LRMS (CI) 326 ([(M+2)+NH4]
+, 22%), 324 ((M+NH4)

+, 62), 151 ((M+H)+, 100). HRMS 

(ESI) calcd for C18H23ClNaO2 329.1279 found 329.1281. 

 

 
(1S,3R,6S)-6-isopropyl-3-methyl-2-methylenecyclohexyl 4-bromobenzoate (135) 

General procedure VIII was followed, using 94.1 mg 91 (0.560 mmol) and the crude 

residue from the formation of 4-bromobenzoyl chloride in 1 mL pyr. The reaction was 

completed by TLC after 1 h reacting at 80 °C. After workup, the residue was purified using 

automatic column chromatography (Normal Phase, Biotage ZIP KP-Sil 30g cartridge, 20 

mL/min flowrate, 0%  4% EtOAc/hexanes, 11 mL max fraction volume, collect all 

fractions, 2 mAU start threshold) to give 178.7 mg (95%) of 135 as an opaque oil. [α]D
20 – 

8.8 (c 0.32, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 8.07 – 7.92 (2 H, m, CH), 7.66 – 7.55 

(2 H, m, CH), 5.32 (1 H, dt, J = 11.2, 1.8 Hz, CHOBzBr), 4.74 (1 H, d, J = 1.9 Hz, 

C=CHH), 4.68 (1 H, td, J = 1.8, 0.8 Hz, C=CHH), 2.22 – 2.09 (1 H, m, CH), 1.96 (1 H, qd, 

J = 7.0, 2.9 Hz, CH), 1.88 (1 H, dq, J = 12.7, 3.8 Hz, CH), 1.78 (1 H, dq, J = 13.3, 3.5 Hz, 

CH), 1.68 (1 H, dddd, J = 12.2, 11.1, 3.7, 2.9 Hz, CH), 1.44 – 1.30 (1 H, m, CH), 1.11 (3 H, 

d, J = 6.5 Hz, CH3), 1.09 – 0.98 (1 H, m, CH), 0.92 (3 H, d, J = 7.0 Hz, CH3), 0.83 (3 H, d, 

J = 7.0 Hz, CH3). 
13C{1H} NMR (100 MHz, CDCl3) δ 165.1 (C), 151.7 (C), 132.0 (CH), 

131.4 (CH), 129.3 (C), 128.3 (C), 101.9 (CH2), 77.0 (CH), 49.6 (CH), 36.9 (CH), 35.8 

(CH2), 27.3 (CH), 23.5 (CH2), 20.8 (CH3), 18.1 (CH3), 16.4 (CH3). IR (film, cm-1) 2960, 

2930, 2872, 1722, 1591, 1271, 1115, 1102, 1012, 755. LRMS (CI) 370 (((M+2)+NH4)
+, 

64%), 368 ((M+NH4)
+, 100), 151 ((M+H)+, 100). HRMS (ESI) calcd for C18H27O2NBr 

368.122, found 368.1205. 
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(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl acetate (154) 

58.6 mg (0.280 mmol, 26%) of 154 was recovered from the reaction to form 121. 1H NMR 

(300 MHz, CDCl3) δ 5.05 (1 H, dt, J = 11.1, 1.8 Hz, CHOAc), 4.70 (1 H, t, J = 1.4 Hz, 

C=CHH), 4.65 (1 H, q, J = 1.5 Hz, C=CHH), 2.13 (3 H, s, CHOC(O)CH3), 2.10 – 1.98 (1 

H, m, CH), 1.95 – 1.76 (1 H, m, CH2), 1.70 (1 H, dq, J = 13.2, 3.5 Hz, CH), 1.48 (1 H, ddt, 

J = 12.1, 11.0, 3.2 Hz, CH), 1.36 – 1.17 (1 H, m, CH2), 1.07 (3 H, d, J = 6.5 Hz, CH3), 1.03 

– 0.92 (1 H, m, CH), 0.89 (3 H, d, J = 7.0 Hz, CH3), 0.79 (3 H, d, J = 6.9 Hz, CH3). 

13C{1H} NMR (75 MHz, CDCl3) δ 170.28, 151.88, 101.57, 76.11, 49.40, 36.82, 35.76, 

27.05, 23.39, 21.03, 20.78, 18.02, 16.22. All spectral data acquired matched literature.6 

 

A.7. Voltammetry measurements (raw values shown) 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were 

carried out on a CHI650 potentiostat controlled by a PC in a temperature-controlled (25 

°C), three-electrode cell (15 mL). The working electrode was a glassy carbon disc with area 

of 0.28 cm2 from BASi, or a platinum button with an area of 0.02 cm2. The reference 

electrode was a silver wire. The counter electrode was a Pt wire. The solution within the 

three-electrode cell contained 0.1 M tetrabutylammonium hexafluorophosphate 

((nBu4)NPF6) in dry acetonitrile (CH3CN). The solution was bubbled with Argon (ca. 1 

min) and an Argon blanket achieved prior to injecting the test compound into the cell 

solution. The test compounds were weighed into a 1 mL syringe and injected into the cell 

solution, rinsing the solution into the syringe to ensure dissolution of the test compound. 

The final concentration of each test compound in electrolyte solution was 200 µM. CV 

experiments were conducted with a start potential of 0 V, a first vortex potential of 3.0 V, a 

second vortex potential of -2.5 V, a step potential of 2.44 mV, and a scan rate of 100 or 200 

mV/s. DPV experiments were conducted with conditioning potential -1.0 V, conditioning 

duration 20 s, modulation time 0.01 s, interval time 1 s, start potential of 0 V, an end 

potential of 4 V, a step potential of 20.0 mV, a modulation amplitude of 49.5 mV (the 

deposition potential (V), deposition duration (s), equilibration time (s) were all set to 0). 

The oxidation and reduction potentials measured using DPV were corrected by reference to 

the measured value for Fc/Fc+ (+0.40 V in CH3CN containing 0.1 M (nBu)4NPF6 vs Ag, 

measured using DPV). The corrected Ox and Red potentials were converted to eV using the 

HOMO energy level for Fc/Fc+ in a vacuum (-4.8 eV) and the equation: HOMO = -(Expt 

Oxcorr + 4.8 eV).165-166 

 



 

136 

Table 10. Raw and corrected oxidation and reduction potentials measured using DPV. 

Calculated HOMO energy levels based on DPV measurements. 

Entry Substrate Expt Ox 

(V)a 

Expt Ox 

2 (V)a 

Corr. 

Expt Ox 

(V)b 

Corr. 

Expt Ox 

2 (V)b 

Expt 

HOMO 

(eV)c 

Expt 

HOMO 

(eV)c 

1 DDQ -0.10d 0.03d -0.50d -0.37d -4.30e -4.43e 

2 46 2.35 - 1.95  -6.75 - 

3 52 1.88 - 1.48  -6.28 - 

4 63 3.44 - 3.04  -7.84 - 

Entry Substrate Expt Ox 

(V)a 

Expt Ox 

2 (V)a 

Corr. 

Expt Ox 

(V)b 

Corr. 

Expt Ox 

2 (V)b 

Expt 

HOMO 

(eV)c 

Expt 

HOMO 

(eV)c 

5 64 2.35 - 1.95  -6.75 - 

6 54 2.77 - 2.37  -7.17 - 

7 55 3.09 - 2.69  -7.49 - 

8 56 2.70 - 2.30  -7.10 - 

9 59 2.15 2.53 1.75 2.13 -6.55 -6.93 

10 60 2.04 2.61 1.64 2.21 -6.44 -7.01 
a. Experimental oxidation potentials (Expt Ox) measured using DPV, 200 µM in CH3CN containing 0.1 M 

(nBu)4NPF6 at a glassy carbon electrode vs Ag. b. Expt Ox were corrected vs the measured reference: Fc/Fc+ 

= +0.40 V in CH3CN containing 0.1 M (nBu)4NPF6 vs Ag. c. Expt Ox were converted to eV using the Fc/Fc+ 

HOMO energy level of -4.8 eV vs vacuum and the equation: HOMO = -(Expt Ox + 4.8 eV).165-166 d. 

Reduction potentials. e. Calcd LUMO energy level.  

A.8. DFT calculations with Gaussian09 (raw data not shown) 

The reduction and oxidation potentials were calculated using Gaussian09 of the structures 

constructed in GaussView 5.0.9. The parameters used were as such: Job Type: Opt+Freq, 

Method: Ground State/DFT/Default Spin/B3LYP, Basis set: 6-31G+d, Charge: 0, Spin: 

Singlet, Solvation: Default, Acetonitrile or Nitromethane. The default settings were used 

for all other parameters. The resulting vibrations of the optimized structure were checked 

for any negative frequencies, and if so those calculations were not employed. The 

molecular orbitals were visualized and the oxidation and reduction potentials were obtained 

from the HOMO and LUMO orbitals respectively, with the calculated values in Hartrees 

(H) converted to electronvolts (eV): 1 H = 27.2114 eV. The charge distribution of the 

optimized structure was visualized and the values for the Mulliken charges of the oxygen 

atoms in each structure were used as calculated. 

 

A.9. Biological evaluation methods6 

A.9.1. General considerations 

Streptomycin and Fluo-4-AM were obtained from Invitrogen, Carlsbad, CA, USA. L-

menthol was obtained from Sigma-Aldrich. Fluorescent calcium imaging was conducted on 

an Aminco Bowman Series 2 fluorescence spectrometer (Thermo Fisher Scientific) 
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controlled by the AB2 system software. The inverted epi-fluorescence microscope used 

was an Olympus IX51 (Olympus America Inc., USA). Borosilicate glass pipettes were 

obtained from Harvard Apparatus Ltd., UK and pulled and polished with a DMZ-Universal 

Puller (Zeitz-Instruments GmbH., Martinsried, Germany). Electrophysiological recordings 

were performed using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, 

USA). A gravitational perfusion system (ALA-VM8, Scientific Instruments) was used to 

deliver test compounds for electrophysiology measurements. Data analysis and offline leak 

subtraction were completed in Clampfit 10.4 (Axon Instruments), and all the curves were 

fitted using Origin 7.0 analysis software (OriginLab, Northampton, MA, USA).   

 

Stock solutions of each compound were prepared in ethanol. It was found that ethanol did 

not have an effect on the TRPM8 current at the concentrations used (data not shown). The 

following concentrations were used for each study: 

Preliminary calcium assays: menthol, cubebol, allyl alcohol 91, ketone intermediate 96: 

100 µM; icilin 90 µM; all other analogues: 500 µM  

Electrophysiology: menthol 0.01 µM, 0.1 µM, 1 µM, 10 µM, 50 µM, 100 µM and 200 µM;  

allyl alcohol 91 0.001 µM, 0.01 µM, 0.1 µM, 1 µM, 10 µM, 50 µM, 100 µM and 200 µM;  

benzoate 101 0.01 µM, 0.1 µM, 1 µM, 10 µM, 50 µM, 100 µM and 200 µM;  

and diol 106 100 µM.   

 

A.9.2. Cell culture and transient transfection 

The human embryonic kidney cells (HEK293) cells were maintained and transfected as 

previously described.230 The HEK cells were grown to 80% confluence at 37C (5% CO2) 

in Dulbecco’s Modified Eagle’s Medium (+10% fetal bovine serum, 200 units/mL 

penicillin and 0.2 mg/mL streptomycin). For electrophysiology experiments, HEK cells 

were plated on glass coverslips and transfected using the calcium phosphate method with 2 

μg of hTRPM8 DNA and 0.3 μg of eGFP in a 60 mm dish. 24 h to 48 h after transfection, 

electrophysiological recordings were conducted. For the calcium assays, cells were plated 

in a 100 mm dish and transfected with 7 μg of total hTRPM8 DNA.   

 

NOTE: The fluorescent calcium assays (raw data not shown) and the electrophysiology 

measurements were carried out as blind experiments: the experimenter collecting the data 

was unaware of the structures and names of the compounds being used. 

 

A.9.3. Calcium imaging (raw data not shown) 

HEK cells transiently expressing TRPM8 were loaded with Fluo-4 (0.5 μM for 30 min) in 

an extracellular medium containing 135 mM NaCl, 5 mM KCl, 3 mM CaCl2, 2 mM MgCl2, 

10 mM D-Glucose, and 10 mM HEPES. The pH was adjusted to 7.3 in HBSS 

supplemented with 1.5 mM each CaCl2 and MgCl2.  
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As described in Chapter 3, the agonistic activity of the compound of interest was measured 

by adding the compound (100 - 500 µM) to the prepared cells and the change in the 

fluorescence was calculated. The antagonistic activity of each compound was measured by 

adding the compound (100 - 500 µM) followed by menthol (100 µM) and the change in 

fluorescence calculated. The change in fluorescence was expressed as a fold-change from 

baseline normalized to background fluorescence (ΔF/F0).231 

 

A.9.4. Electrophysiological measurements (conducted by Dr. Mircea Iftinca)6 

TRPM8 transfected HEK cells were placed into a 2 mL solution containing: 140 mM NaCl, 

1.5 mM CaCl2, 2 mM MgCl2, 5 mM KCl, 10 mM HEPES, and 10 mM D-glucose (pH 

adjusted to 7.4 with NaOH). eGFP-transfected cells were identified with an inverted epi-

fluorescence microscope. As described in Chapter 3, cells were voltage-clamped and 

TRPM8 currents were measured using the conventional whole-cell patch clamp method. 

Borosilicate glass pipettes were pulled and polished to 2-5 MΩ resistance. The prepared 

pipettes were filled with an internal solution containing: 120 mM CsCl, 10 mM EGTA, 10 

mM HEPES, 3 mM MgCl2, 2 mM ATP and 0.5 mM GTP (pH adjusted to 7.2 with CsOH). 

All recordings were performed at rt (22±2ºC). The cellular membrane potential was held at 

0 mV and currents were elicited by 200 ms steps between –100 mV and +100 mV at 5 s 

intervals. The test compounds were delivered at a rate of 3-4 mL/min, while the membrane 

potential was held at 0 mV and currents were elicited by a ramp protocol from –100 mV to 

+100 mV at 2 s intervals until the current reached the peak. The voltage clamp protocols 

were applied using a pClamp 10.4 software (Axon Instruments). Data were filtered at 1 

kHz (8-pole Bessel) and digitized at 10 kHz with a Digidata 1440 A converter (Axon 

Instruments). For the whole-cell recordings the series resistance was compensated by 65-

80%. The average cell capacitance of the HEK cells was 25.76± 2.03 pF.   

 

A.9.5. Statistics (data analyzed by Drs. Rithwik Ramachandran and Mircea Iftinca)6 

The drug dose-response relationships were fitted with the Hill equation: 

  

where Ix is the steady state TRPM8 current in the presence of menthol at concentration [x], 

Imin and Imax are the current amplitudes in the absence and presence of a saturating 

concentration of menthol, respectively, EC50 is the menthol concentration at which 

activation is half-maximal, and n is the slope factor. 

All averaged data are plotted as mean SEM and numbers in parentheses reflect the number 

of cells (n). Statistical analyses were completed with Origin 7.0 analysis software 

(OriginLab, Northampton, MA, USA), using paired Student’s t-test for all the results 

obtained before and after drug in the same cells. P values < 0.05 were considered 

statistically significant and n.s. denominates a non-significant finding. 
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A.10. Chapter Two and Three spectra 

A.10.1. Chapter Two spectra pages 140-169 

A.10.2. Chapter Three spectra pages 170-209
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Appendix B: Copyright documents 

B.1. Elsevier copyrights 

B.1.1. Figure 1 (Mickle, A,. et al.) 
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B.1.2. Figures 9 B & C, 11 (Bidaux, G., et al.) 
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B.2. Macmillan Publishers Ltd (Nature Publishing Group) copyrights 

B.2.1. Figures 2, 3, 5 (Liao, M., et al) 
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B.2.2. Figures 6, 7 (Paulsen, C. E., et al.) 
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B.2.3. Figure 12 (Voets, T. et al) 
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B.3. American Chemical Society copyrights 

B.3.1. Figure 9 (Pérez de Vega, M. J., et al.) 
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B.3.2. Figures 31-34 (LeGay, C. M., et al.) 

 

 

 

 



 

238 

References 

  (1)  Camerino, D. C.; Tricarico, D.; Desaphy, J. F. Ion channel pharmacology. 

Neurotherapeutics 2007, 4, 184-198. 

  (2)  Pedersen, S. F.; Owsianik, G.; Nilius, B. TRP channels: an overview. Cell Calcium 

2005, 38, 233-252. 

  (3)  Clapham, D. E. TRP channels as cellular sensors. Nature 2003, 426, 517-524. 

  (4)  Julius, D. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 2013, 29, 355-384. 

  (5)  Transient Receptor Potential Channels. In Adv. Exp. Med. Biol., Islam, M. S., Ed. 

Springer: 2011; Vol. 704, p 1090. 

  (6)  LeGay, C. M.; Gorobets, E.; Iftinca, M.; Ramachandran, R.; Altier, C.; Derksen, D. J. 

Natural-Product-Derived Transient Receptor Potential Melastatin 8 (TRPM8) Channel 

Modulators. Org. Lett. 2016, 18, 2746-2749. 

  (7)  Perez de Vega, M. J.; Gomez-Monterrey, I.; Ferrer-Montiel, A.; Gonzalez-Muniz, R. 

Transient Receptor Potential Melastatin 8 Channel (TRPM8) Modulation: Cool Entryway 

for Treating Pain and Cancer. J. Med. Chem. 2016, 59, 10006–10029. 

  (8)  Bharate, S. S.; Bharate, S. B. Modulation of thermoreceptor TRPM8 by cooling 

compounds. ACS Chem. Neurosci. 2012, 3, 248-267. 

  (9)  Elinder, F.; Nilsson, J.; Arhem, P. On the opening of voltage-gated ion channels. 

Physiol. Behav. 2007, 92, 1-7. 

  (10)  Voets, T.; Talavera, K.; Owsianik, G.; Nilius, B. Sensing with TRP channels. Nat. 

Chem. Biol. 2005, 1, 85-92. 

  (11)  Verkman, A. S.; Galietta, L. J. Chloride channels as drug targets. Nat. Rev. Drug 

Discovery 2009, 8, 153-171. 

  (12)  Gregerson, K. A. The voltage sensor of ion channels revealed. Trends Endocrinol. 

Metab. 2003, 14, 251-252. 

  (13)  Armstrong, C. M.; Hille, B. Voltage-gated ion channels and electrical excitability. 

Neuron 1998, 20, 371-380. 

  (14)  Arhem, P. Voltage sensing in ion channels: a 50-year-old mystery resolved? Lancet 

2004, 363, 1221-1223. 

  (15)  Zhou, Y.; Greka, A. Calcium-permeable ion channels in the kidney. Am. J. Physiol. 

Renal. Physiol. 2016, 310, F1157-1167. 

  (16)  Latorre, R.; Zaelzer, C.; Brauchi, S. Structure-functional intimacies of transient 

receptor potential channels. Q. Rev. Biophys. 2009, 42, 201-246. 

  (17)  Cosens, D. J.; Manning, A. Abnormal electroretinogram from a Drosophila mutant. 

Nature 1969, 224, 285-287. 

  (18)  Minke, B. Drosophila mutant with a transducer defect. Biophys. Struct. Mech. 1977, 

3, 59-64. 

  (19)  Montell, C.; Jones, K.; Hafen, E.; Rubin, G. Rescue of the Drosophila 

phototransduction mutation trp by germline transformation. Science 1985, 230, 1040-1043. 

  (20)  Zhu, X.; Chu, P. B.; Peyton, M.; Birnbaumer, L. Molecular-Cloning of a Widely 

Expressed Human Homolog for the Drosophila Trp Gene. FEBS Lett. 1995, 373, 193-198. 

  (21)  Wes, P. D.; Chevesich, J.; Jeromin, A.; Rosenberg, C.; Stetten, G.; Montell, C. 

TRPC1, a human homolog of a Drosophila store-operated channel. Proc. Natl. Acad. Sci. 

USA 1995, 92, 9652-9656. 



 

239 

  (22)  Nilius, B.; Talavera, K.; Owsianik, G.; Prenen, J.; Droogmans, G.; Voets, T. Gating 

of TRP channels: a voltage connection? J. Physiol. 2005, 567, 35-44. 

  (23)  Steinberg, X.; Lespay-Rebolledo, C.; Brauchi, S. A structural view of ligand-

dependent activation in thermoTRP channels. Front. Physiol. 2014, 5, No. 171. 

  (24)  Zimmermann, K.; Lennerz, J. K.; Hein, A.; Link, A. S.; Kaczmarek, J. S.; Delling, 

M.; Uysal, S.; Pfeifer, J. D.; Riccio, A.; Clapham, D. E. Transient receptor potential cation 

channel, subfamily C, member 5 (TRPC5) is a cold-transducer in the peripheral nervous 

system. Proc. Natl. Acad. Sci. USA 2011, 108, 18114-18119. 

  (25)  Lee, L. Y.; Hsu, C. C.; Lin, Y. J.; Lin, R. L.; Khosravi, M. Interaction between 

TRPA1 and TRPV1: Synergy on pulmonary sensory nerves. Pulm. Pharmacol. Ther. 2015, 

35, 87-93. 

  (26)  Nagata, K.; Duggan, A.; Kumar, G.; Garcia-Anoveros, J. Nociceptor and hair cell 

transducer properties of TRPA1, a channel for pain and hearing. J. Neurosci. 2005, 25, 

4052-4061. 

  (27)  Morgan, K.; Sadofsky, L. R.; Crow, C.; Morice, A. H. Human TRPM8 and TRPA1 

pain channels, including a gene variant with increased sensitivity to agonists (TRPA1 

R797T), exhibit differential regulation by SRC-tyrosine kinase inhibitor. Biosci. Rep. 2014, 

34. 

  (28)  Voets, T.; Droogmans, G.; Wissenbach, U.; Janssens, A.; Flockerzi, V.; Nilius, B. 

The principle of temperature-dependent gating in cold- and heat-sensitive TRP channels. 

Nature 2004, 430, 748-754. 

  (29)  Liao, M.; Cao, E.; Julius, D.; Cheng, Y. Structure of the TRPV1 ion channel 

determined by electron cryo-microscopy. Nature 2013, 504, 107-112. 

  (30)  Paulsen, C. E.; Armache, J. P.; Gao, Y.; Cheng, Y.; Julius, D. Structure of the 

TRPA1 ion channel suggests regulatory mechanisms. Nature 2015, 520, 511-517. 

  (31)  Weil, A.; Moore, S. E.; Waite, N. J.; Randall, A.; Gunthorpe, M. J. Conservation of 

functional and pharmacological properties in the distantly related temperature sensors 

TRVP1 and TRPM8. Mol. Pharmacol. 2005, 68, 518-527. 

  (32)  TRP Channels in Drug Discovery: Volume II. In Methods in Pharmacology and 

Toxicology, Szallasi, A.; Bíró, T., Eds. Springer: 2012. 

  (33)  Clapham, D. E. Structural biology: Pain-sensing TRPA1 channel resolved. Nature 

2015, 520, 439-441. 

  (34)  Liao, M.; Cao, E.; Julius, D.; Cheng, Y. Single particle electron cryo-microscopy of 

a mammalian ion channel. Curr. Opin. Struct. Biol. 2014, 27, 1-7. 

  (35)  Mickle, A. D.; Shepherd, A. J.; Mohapatra, D. P. Sensory TRP channels: the key 

transducers of nociception and pain. Prog. Mol. Biol. Transl. Sci. 2015, 131, 73-118. 

  (36)  Richardson, J. S. The Anatomy and Taxonomy of Protein Structure. Adv. Protein 

Chem. 1981, 34, 167-339. 

  (37)  Richardson, J. S. Schematic drawings of protein structures. Methods Enzymol. 1985, 

115, 359-380. 

  (38)  Mosavi, L. K.; Cammett, T. J.; Desrosiers, D. C.; Peng, Z. Y. The ankyrin repeat as 

molecular architecture for protein recognition. Protein Sci. 2004, 13, 1435-1448. 

  (39)  Ferrer-Montiel, A.; Fernandez-Carvajal, A.; Planells-Cases, R.; Fernandez-Ballester, 

G.; Gonzalez-Ros, J. M.; Messeguer, A.; Gonzalez-Muniz, R. Advances in modulating 

thermosensory TRP channels. Expert Opin. Ther. Pat. 2012, 22, 999-1017. 



 

240 

  (40)  Cao, E.; Liao, M.; Cheng, Y.; Julius, D. TRPV1 structures in distinct conformations 

reveal activation mechanisms. Nature 2013, 504, 113-118. 

  (41)  Benemei, S.; Patacchini, R.; Trevisani, M.; Geppetti, P. TRP channels. Curr. Opin. 

Pharmacol. 2015, 22, 18-23. 

  (42)  McCoy, D. D.; Knowlton, W. M.; McKemy, D. D. Scraping through the ice: 

uncovering the role of TRPM8 in cold transduction. Am. J. Physiol. 2011, 300, R1278-

1287. 

  (43)  Hill, K.; Fiorito, S.; Taddeo, V. A.; Schulze, A.; Leonhardt, M.; Epifano, F.; 

Genovese, S. Plumbagin, Juglone, and Boropinal as Novel TRPA1 Agonists. J. Nat. Prod. 

2016, 79, 697-703. 

  (44)  Bandell, M.; Dubin, A. E.; Petrus, M. J.; Orth, A.; Mathur, J.; Hwang, S. W.; 

Patapoutian, A. High-throughput random mutagenesis screen reveals TRPM8 residues 

specifically required for activation by menthol. Nat. Neurosci. 2006, 9, 493-500. 

  (45)  Knowlton, W. M.; Bifolck-Fisher, A.; Bautista, D. M.; McKemy, D. D. TRPM8, but 

not TRPA1, is required for neural and behavioral responses to acute noxious cold 

temperatures and cold-mimetics in vivo. Pain 2010, 150, 340-350. 

  (46)  Palkar, R.; Lippoldt, E. K.; McKemy, D. D. The molecular and cellular basis of 

thermosensation in mammals. Curr. Opin. Neurobiol. 2015, 34, 14-19. 

  (47)  Pertusa, M. M., H.; Brauchi, S.; Latorre, R.; Madrid, R.; Orio, P., Mutagenesis and 

Temperature-Sensitive Little Machines. In Mutagenesis, InTechOpen: 2012, 

10.5772/50333. 

  (48)  Brauchi, S.; Orio, P.; Latorre, R. Clues to understanding cold sensation: 

thermodynamics and electrophysiological analysis of the cold receptor TRPM8. Proc. Natl. 

Acad. Sci. USA 2004, 101, 15494-15499. 

  (49)  McKemy, D. D.; Neuhausser, W. M.; Julius, D. Identification of a cold receptor 

reveals a general role for TRP channels in thermosensation. Nature 2002, 416, 52-58. 

  (50)  Sherkheli, M. A.; Gisselmann, G.; Vogt-Eisele, A. K.; Doerner, J. F.; Hatt, H. 

Menthol Derivative Ws-12 Selectively Activates Transient Receptor Potential Melastatin-8 

(Trpm8) Ion Channels. Pak. J. Pharm. Sci. 2008, 21, 370-378. 

  (51)  Bidaux, G.; Sgobba, M.; Lemonnier, L.; Borowiec, A. S.; Noyer, L.; Jovanovic, S.; 

Zholos, A. V.; Haider, S. Functional and Modeling Studies of the Transmembrane Region 

of the TRPM8 Channel. Biophys. J. 2015, 109, 1840-1851. 

  (52)  Rath, P.; Hilton, J. K.; Sisco, N. J.; Van Horn, W. D. Implications of Human 

Transient Receptor Potential Melastatin 8 (TRPM8) Channel Gating from Menthol Binding 

Studies of the Sensing Domain. Biochemistry 2016, 55, 114-124. 

  (53)  Pertusa, M.; Gonzalez, A.; Hardy, P.; Madrid, R.; Viana, F. Bidirectional modulation 

of thermal and chemical sensitivity of TRPM8 channels by the initial region of the N-

terminal domain. J. Biol. Chem. 2014, 289, 21828-21843. 

  (54)  Yudin, Y.; Rohacs, T. Regulation of TRPM8 channel activity. Mol. Cell. Endocrinol. 

2012, 353, 68-74. 

  (55)  De Petrocellis, L.; Ortar, G.; Schiano Moriello, A.; Serum, E. M.; Rusterholz, D. B. 

Structure-activity relationships of the prototypical TRPM8 agonist icilin. Bioorg. Med. 

Chem. Lett. 2015, 25, 2285-2290. 



 

241 

  (56)  Selescu, T.; Ciobanu, A. C.; Dobre, C.; Reid, G.; Babes, A. Camphor activates and 

sensitizes transient receptor potential melastatin 8 (TRPM8) to cooling and icilin. Chem. 

Senses 2013, 38, 563-575. 

  (57)  Rohacs, T.; Lopes, C. M.; Michailidis, I.; Logothetis, D. E. PI(4,5)P2 regulates the 

activation and desensitization of TRPM8 channels through the TRP domain. Nat. Neurosci. 

2005, 8, 626-634. 

  (58)  Taberner, F. J.; Lopez-Cordoba, A.; Fernandez-Ballester, G.; Korchev, Y.; Ferrer-

Montiel, A. The region adjacent to the C-end of the inner gate in transient receptor potential 

melastatin 8 (TRPM8) channels plays a central role in allosteric channel activation. J. Biol. 

Chem. 2014, 289, 28579-28594. 

  (59)  Liu, C.; Montell, C. Forcing open TRP channels: Mechanical gating as a unifying 

activation mechanism. Biochem. Biophys. Res. Commun. 2015, 460, 22-25. 

  (60)  Patapoutian, A. TRP channels and thermosensation. Chem. Senses 2005, 30 Suppl 1, 

i193-i194. 

  (61)  Nilius, B.; Sage, S. O. TRP channels: novel gating properties and physiological 

functions. J. Physiol. 2005, 567, 33-34. 

  (62)  Caterina, M. J.; Julius, D. The vanilloid receptor: a molecular gateway to the pain 

pathway. Annu. Rev. Neurosci. 2001, 24, 487-517. 

  (63)  Nilius, B.; Prenen, J.; Droogmans, G.; Voets, T.; Vennekens, R.; Freichel, M.; 

Wissenbach, U.; Flockerzi, V. Voltage dependence of the Ca2+-activated cation channel 

TRPM4. J. Biol. Chem. 2003, 278, 30813-30820. 

  (64)  Caterina, M. J.; Schumacher, M. A.; Tominaga, M.; Rosen, T. A.; Levine, J. D.; 

Julius, D. The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 

1997, 389, 816-824. 

  (65)  Ahern, G. P.; Premkumar, L. S. Voltage-dependent priming of rat vanilloid receptor: 

effects of agonist and protein kinase C activation. J. Physiol. 2002, 545, 441-451. 

  (66)  Chung, M. K.; Guler, A. D.; Caterina, M. J. Biphasic currents evoked by chemical or 

thermal activation of the heat-gated ion channel, TRPV3. J. Biol. Chem. 2005, 280, 15928-

15941. 

  (67)  Premkumar, L. S.; Ahern, G. P. Induction of vanilloid receptor channel activity by 

protein kinase C. Nature 2000, 408, 985-990. 

  (68)  Appendino, G.; Minassi, A.; Pagani, A.; Ech-Chahad, A. The role of natural 

products in the ligand deorphanization of TRP channels. Curr. Pharm. Des. 2008, 14, 2-17. 

  (69)  Calixto, J. B.; Kassuya, C. A.; Andre, E.; Ferreira, J. Contribution of natural 

products to the discovery of the transient receptor potential (TRP) channels family and their 

functions. Pharmacol. Ther. 2005, 106, 179-208. 

  (70)  Karashima, Y.; Damann, N.; Prenen, J.; Talavera, K.; Segal, A.; Voets, T.; Nilius, B. 

Bimodal action of menthol on the transient receptor potential channel TRPA1. J. Neurosci. 

2007, 27, 9874-9884. 

  (71)  Basso, L.; Altier, C. Transient Receptor Potential Channels in neuropathic pain. 

Curr. Opin. Pharmacol. 2017, 32, 9-15. 

  (72)  Escalera, J.; von Hehn, C. A.; Bessac, B. F.; Sivula, M.; Jordt, S. E. TRPA1 

mediates the noxious effects of natural sesquiterpene deterrents. J. Biol. Chem. 2008, 283, 

24136-24144. 



 

242 

  (73)  Bidaux, G.; Borowiec, A. S.; Dubois, C.; Delcourt, P.; Schulz, C.; Vanden Abeele, 

F.; Lepage, G.; Desruelles, E.; Bokhobza, A.; Dewailly, E.; Slomianny, C.; Roudbaraki, 

M.; Heliot, L.; Bonnal, J. L.; Mauroy, B.; Mariot, P.; Lemonnier, L.; Prevarskaya, N. 

Targeting of short TRPM8 isoforms induces 4TM-TRPM8-dependent apoptosis in prostate 

cancer cells. Oncotarget 2016, 7, 29063-29080. 

  (74)  Grolez, G. P.; Gkika, D. TRPM8 Puts the Chill on Prostate Cancer. Pharmaceuticals 

2016, 9, No. 44. 

  (75)  Vetter, I.; Lewis, R. J. Natural product ligands of TRP channels. Adv. Exp. Med. 

Biol. 2011, 704, 41-85. 

  (76)  Meotti, F. C.; Lemos de Andrade, E.; Calixto, J. B. TRP modulation by natural 

compounds. Handb. Exp. Pharmacol. 2014, 223, 1177-1238. 

  (77)  Gautam, R.; Jachak, S. M. Recent developments in anti-inflammatory natural 

products. Med. Res. Rev. 2009, 29, 767-820. 

  (78)  Pertwee, R. G.; Howlett, A. C.; Abood, M. E.; Alexander, S. P.; Di Marzo, V.; 

Elphick, M. R.; Greasley, P. J.; Hansen, H. S.; Kunos, G.; Mackie, K.; Mechoulam, R.; 

Ross, R. A. International Union of Basic and Clinical Pharmacology. LXXIX. Cannabinoid 

receptors and their ligands: beyond CB(1) and CB(2). Pharmacol. Rev. 2010, 62, 588-631. 

  (79)  Rodrigues, T.; Sieglitz, F.; Bernardes, G. J. Natural product modulators of transient 

receptor potential (TRP) channels as potential anti-cancer agents. Chem. Soc. Rev. 2016, 

45, 6130-6137. 

  (80)  Peier, A. M.; Moqrich, A.; Hergarden, A. C.; Reeve, A. J.; Andersson, D. A.; Story, 

G. M.; Earley, T. J.; Dragoni, I.; McIntyre, P.; Bevan, S.; Patapoutian, A. A TRP channel 

that senses cold stimuli and menthol. Cell 2002, 108, 705-715. 

  (81)  Journigan, V. B.; Zaveri, N. T. TRPM8 ion channel ligands for new therapeutic 

applications and as probes to study menthol pharmacology. Life Sci. 2013, 92, 425-437. 

  (82)  Beck, B.; Bidaux, G.; Bavencoffe, A.; Lemonnier, L.; Thebault, S.; Shuba, Y.; 

Barrit, G.; Skryma, R.; Prevarskaya, N. Prospects for prostate cancer imaging and therapy 

using high-affinity TRPM8 activators. Cell Calcium 2007, 41, 285-294. 

  (83)  Kumamoto, E.; Fujita, T. Differential Activation of TRP Channels in the Adult Rat 

Spinal Substantia Gelatinosa by Stereoisomers of Plant-Derived Chemicals. 

Pharmaceuticals 2016, 9, No. 46. 

  (84)  Zhong, J.; Minassi, A.; Prenen, J.; Taglialatela-Scafati, O.; Appendino, G.; Nilius, B. 

Umbellulone modulates TRP channels. Pflugers Arch., EJP 2011, 462, 861-870. 

  (85)  Bassoli, A.; Borgonovo, G.; Caimi, S.; Scaglioni, L.; Morini, G.; Moriello, A. S.; Di 

Marzo, V.; De Petrocellis, L. Taste-guided identification of high potency TRPA1 agonists 

from Perilla frutescens. Bioorg. Med. Chem. 2009, 17, 1636-1639. 

  (86)  Xu, H.; Delling, M.; Jun, J. C.; Clapham, D. E. Oregano, thyme and clove-derived 

flavors and skin sensitizers activate specific TRP channels. Nat. Neurosci. 2006, 9, 628-

635. 

  (87)  Vogt-Eisele, A. K.; Weber, K.; Sherkheli, M. A.; Vielhaber, G.; Panten, J.; 

Gisselmann, G.; Hatt, H. Monoterpenoid agonists of TRPV3. Br. J. Pharmacol. 2007, 151, 

530-540. 

  (88)  Xu, H.; Blair, N. T.; Clapham, D. E. Camphor activates and strongly desensitizes the 

transient receptor potential vanilloid subtype 1 channel in a vanilloid-independent 

mechanism. J. Neurosci. 2005, 25, 8924-8937. 



 

243 

  (89)  Nassini, R.; Materazzi, S.; Vriens, J.; Prenen, J.; Benemei, S.; De Siena, G.; la 

Marca, G.; Andre, E.; Preti, D.; Avonto, C.; Sadofsky, L.; Di Marzo, V.; De Petrocellis, L.; 

Dussor, G.; Porreca, F.; Taglialatela-Scafati, O.; Appendino, G.; Nilius, B.; Geppetti, P. 

The 'headache tree' via umbellulone and TRPA1 activates the trigeminovascular system. 

Brain 2012, 135, 376-390. 

  (90)  Kang, Q.; Jiang, C. Y.; Fujita, T.; Kumamoto, E. Spontaneous L-glutamate release 

enhancement in rat substantia gelatinosa neurons by (-)-carvone and (+)-carvone which 

activate different types of TRP channel. Biochem. Biophys. Res. Commun. 2015, 459, 498-

503. 

  (91)  Ortar, G.; Morera, L.; Moriello, A. S.; Morera, E.; Nalli, M.; Di Marzo, V.; De 

Petrocellis, L. Modulation of thermo-transient receptor potential (thermo-TRP) channels by 

thymol-based compounds. Bioorg. Med. Chem. Lett. 2012, 22, 3535-3539. 

  (92)  Khan, A.; Vaibhav, K.; Javed, H.; Tabassum, R.; Ahmed, M. E.; Khan, M. M.; 

Khan, M. B.; Shrivastava, P.; Islam, F.; Siddiqui, M. S.; Safhi, M. M.; Islam, F. 1,8-cineole 

(eucalyptol) mitigates inflammation in amyloid Beta toxicated PC12 cells: relevance to 

Alzheimer's disease. Neurochem. Res. 2014, 39, 344-352. 

  (93)  Kim, K. Y.; Lee, H. S.; Seol, G. H. Eucalyptol suppresses matrix metalloproteinase-

9 expression through an extracellular signal-regulated kinase-dependent nuclear factor-

kappa B pathway to exert anti-inflammatory effects in an acute lung inflammation model. 

J. Pharm. Pharmacol. 2015, 67, 1066-1074. 

  (94)  Santos, F. A.; Rao, V. S. Antiinflammatory and antinociceptive effects of 1,8-cineole 

a terpenoid oxide present in many plant essential oils. Phytother. Res. 2000, 14, 240-244. 

  (95)  Behrendt, H. J.; Germann, T.; Gillen, C.; Hatt, H.; Jostock, R. Characterization of 

the mouse cold-menthol receptor TRPM8 and vanilloid receptor type-1 VR1 using a 

fluorometric imaging plate reader (FLIPR) assay. Br. J. Pharmacol. 2004, 141, 737-745. 

  (96)  De Petrocellis, L.; Ligresti, A.; Moriello, A. S.; Allara, M.; Bisogno, T.; Petrosino, 

S.; Stott, C. G.; Di Marzo, V. Effects of cannabinoids and cannabinoid-enriched Cannabis 

extracts on TRP channels and endocannabinoid metabolic enzymes. Br. J. Pharmacol. 

2011, 163, 1479-1494. 

  (97)  De Petrocellis, L.; Vellani, V.; Schiano-Moriello, A.; Marini, P.; Magherini, P. C.; 

Orlando, P.; Di Marzo, V. Plant-derived cannabinoids modulate the activity of transient 

receptor potential channels of ankyrin type-1 and melastatin type-8. J. Pharmacol. Exp. 

Ther. 2008, 325, 1007-1015. 

  (98)  Borrelli, F.; Pagano, E.; Romano, B.; Panzera, S.; Maiello, F.; Coppola, D.; De 

Petrocellis, L.; Buono, L.; Orlando, P.; Izzo, A. A. Colon carcinogenesis is inhibited by the 

TRPM8 antagonist cannabigerol, a Cannabis-derived non-psychotropic cannabinoid. 

Carcinogenesis 2014, 35, 2787-2797. 

  (99)  Janero, D. R.; Makriyannis, A. Terpenes and lipids of the endocannabinoid and 

transient-receptor-potential-channel biosignaling systems. ACS Chem. Neurosci. 2014, 5, 

1097-1106. 

  (100)  De Petrocellis, L.; Starowicz, K.; Moriello, A. S.; Vivese, M.; Orlando, P.; Di 

Marzo, V. Regulation of transient receptor potential channels of melastatin type 8 

(TRPM8): effect of cAMP, cannabinoid CB(1) receptors and endovanilloids. Exp. Cell Res. 

2007, 313, 1911-1920. 



 

244 

  (101)  Morera, E.; De Petrocellis, L.; Morera, L.; Moriello, A. S.; Nalli, M.; Di Marzo, V.; 

Ortar, G. Synthesis and biological evaluation of [6]-gingerol analogues as transient receptor 

potential channel TRPV1 and TRPA1 modulators. Bioorg. Med. Chem. Lett. 2012, 22, 

1674-1677. 

  (102)  Fernández-Peña, C.; Viana, F. Targeting TRPM8 for Pain Relief. Open Pain J. 

2013, 6 (Suppl 1: M15) 154-164. 

  (103)  Wender, P. A.; Jesudason, C. D.; Nakahira, H.; Tamura, N.; Tebbe, A. L.; Ueno, Y. 

The First Synthesis of a Daphnane Diterpene: ThemEnantiocontrolled Total Synthesis of 

(+)-Resiniferatoxin. J. Am. Chem. Soc. 1997, 119, 12976-12977. 

  (104)  Brown, D. C. Resiniferatoxin: The Evolution of the "Molecular Scalpel" for 

Chronic Pain Relief. Pharmaceuticals 2016, 9, No. 47. 

  (105)  Yu, X.; Yu, M.; Liu, Y.; Yu, S. TRP channel functions in the gastrointestinal tract. 

Semin. Immunopathol. 2016, 38, 385-396. 

  (106)  McEntire, D. M.; Kirkpatrick, D. R.; Dueck, N. P.; Kerfeld, M. J.; Smith, T. A.; 

Nelson, T. J.; Reisbig, M. D.; Agrawal, D. K. Pain transduction: a pharmacologic 

perspective. Expert Rev. Clin. Pharmacol. 2016, 9, 1069-1080. 

  (107)  Sasahara, I.; Furuhata, Y.; Iwasaki, Y.; Inoue, N.; Sato, H.; Watanabe, T.; 

Takahashi, M. Assessment of the biological similarity of three capsaicin analogs 

(Capsinoids) found in non-pungent chili pepper (CH-19 Sweet) fruits. Biosci., Biotechnol., 

Biochem. 2010, 74, 274-278. 

  (108)  Shintaku, K.; Uchida, K.; Suzuki, Y.; Zhou, Y.; Fushiki, T.; Watanabe, T.; Yazawa, 

S.; Tominaga, M. Activation of transient receptor potential A1 by a non-pungent capsaicin-

like compound, capsiate. Br. J. Pharmacol. 2012, 165, 1476-1486. 

  (109)  Vasconcelos, L. H.; Souza, I. L.; Pinheiro, L. S.; Silva, B. A. Ion Channels in 

Obesity: Pathophysiology and Potential Therapeutic Targets. Front. Pharmacol. 2016, 7, 

No. 58. 

  (110)  Watanabe, T.; Terada, Y. Food Compounds Activating Thermosensitive TRP 

Channels in Asian Herbal and Medicinal Foods. J. Nutr. Sci. Vitaminol. 2015, 61 Suppl, 

S86-88. 

  (111)  Iwasaki, Y.; Morita, A.; Iwasawa, T.; Kobata, K.; Sekiwa, Y.; Morimitsu, Y.; 

Kubota, K.; Watanabe, T. A nonpungent component of steamed ginger - [10]-shogaol - 

increases adrenaline secretion via the activation of TRPV1. Nutr. Neurosci. 2006, 9, 169-

178. 

  (112)  Wei, E. T.; Seid, D. A. AG-3-5: a chemical producing sensations of cold. J. Pharm. 

Pharmacol. 1983, 35, 110-112. 

  (113)  Sherkheli, M. A.; Gisselmann, G.; Hatt, H. Supercooling agent icilin blocks a 

warmth-sensing ion channel TRPV3. Sci. World J. 2012, 2012, No. 982725. 

  (114)  Meseguer, V.; Karashima, Y.; Talavera, K.; D'Hoedt, D.; Donovan-Rodriguez, T.; 

Viana, F.; Nilius, B.; Voets, T. Transient receptor potential channels in sensory neurons are 

targets of the antimycotic agent clotrimazole. J. Neurosci. 2008, 28, 576-586. 

  (115)  Kraft, R.; Grimm, C.; Frenzel, H.; Harteneck, C. Inhibition of TRPM2 cation 

channels by N-(p-amylcinnamoyl)anthranilic acid. Br. J. Pharmacol. 2006, 148, 264-273. 

  (116)  Appendino, G.; De Petrocellis, L.; Trevisani, M.; Minassi, A.; Daddario, N.; 

Moriello, A. S.; Gazzieri, D.; Ligresti, A.; Campi, B.; Fontana, G.; Pinna, C.; Geppetti, P.; 

Di Marzo, V. Development of the first ultra-potent "capsaicinoid" agonist at transient 



 

245 

receptor potential vanilloid type 1 (TRPV1) channels and its therapeutic potential. J. 

Pharmacol. Exp. Ther. 2005, 312, 561-570. 

  (117)  Ortar, G.; De Petrocellis, L.; Morera, L.; Moriello, A. S.; Orlando, P.; Morera, E.; 

Nalli, M.; Di Marzo, V. (-)-Menthylamine derivatives as potent and selective antagonists of 

transient receptor potential melastatin type-8 (TRPM8) channels. Bioorg. Med. Chem. Lett. 

2010, 20, 2729-2732. 

  (118)  Patel, R.; Goncalves, L.; Leveridge, M.; Mack, S. R.; Hendrick, A.; Brice, N. L.; 

Dickenson, A. H. Anti-hyperalgesic effects of a novel TRPM8 agonist in neuropathic rats: 

a comparison with topical menthol. Pain 2014, 155, 2097-2107. 

  (119)  Patel, R.; Goncalves, L.; Newman, R.; Jiang, F. L.; Goldby, A.; Reeve, J.; 

Hendrick, A.; Teall, M.; Hannah, D.; Almond, S.; Brice, N.; Dickenson, A. H. Novel 

TRPM8 antagonist attenuates cold hypersensitivity after peripheral nerve injury in rats. J. 

Pharmacol. Exp. Ther. 2014, 349, 47-55. 

  (120)  Pérez-Faginas, P.; Teresa Aranda, M.; Torre-Martínez, R. d. l.; Quirce, S.; 

Fernández-Carvajal, A.; Ferrer-Montiel, A.; González-Muñiz, R. New transient receptor 

potential TRPV1, TRPM8 and TRPA1 channel antagonists from a single linear β,γ-diamino 

ester scaffold. RSC Adv. 2016, 6, 6868-6877. 

  (121)  Sherkheli, M. A.; Vogt-Eisele, A. K.; Bura, D.; Beltran Marques, L. R.; 

Gisselmann, G.; Hatt, H. Characterization of selective TRPM8 ligands and their structure 

activity response (S.A.R) relationship. J. Pharm. Pharm. Sci. 2010, 13, 242-253. 

  (122)  De Petrocellis, L.; Arroyo, F. J.; Orlando, P.; Schiano Moriello, A.; Vitale, R. M.; 

Amodeo, P.; Sanchez, A.; Roncero, C.; Bianchini, G.; Martin, M. A.; Lopez-Alvarado, P.; 

Menendez, J. C. Tetrahydroisoquinoline-Derived Urea and 2,5-Diketopiperazine 

Derivatives as Selective Antagonists of the Transient Receptor Potential Melastatin 8 

(TRPM8) Channel Receptor and Antiprostate Cancer Agents. J. Med. Chem. 2016, 59, 

5661-5683. 

  (123)  Kuhn, F. J.; Kuhn, C.; Luckhoff, A. Inhibition of TRPM8 by icilin distinct from 

desensitization induced by menthol and menthol derivatives. J. Biol. Chem. 2009, 284, 

4102-4111. 

  (124)  Lee, S. P.; Buber, M. T.; Yang, Q.; Cerne, R.; Cortes, R. Y.; Sprous, D. G.; Bryant, 

R. W. Thymol and related alkyl phenols activate the hTRPA1 channel. Br. J. Pharmacol. 

2008, 153, 1739-1749. 

  (125)  Doerner, J. F.; Gisselmann, G.; Hatt, H.; Wetzel, C. H. Transient receptor potential 

channel A1 is directly gated by calcium ions. J. Biol. Chem. 2007, 282, 13180-13189. 

  (126)  Liu, T.; Fang, Z.; Wang, G.; Shi, M.; Wang, X.; Jiang, K.; Yang, Z.; Cao, R.; Tao, 

H.; Wang, X.; Zhou, J. Anti-tumor activity of the TRPM8 inhibitor BCTC in prostate 

cancer DU145 cells. Oncol. Lett. 2016, 11, 182-188. 

  (127)  Chaudhari, S. S.; Kadam, A. B.; Khairatkar-Joshi, N.; Mukhopadhyay, I.; Karnik, 

P. V.; Raghuram, A.; Rao, S. S.; Vaiyapuri, T. S.; Wale, D. P.; Bhosale, V. M.; Gudi, G. S.; 

Sangana, R. R.; Thomas, A. Synthesis and pharmacological evaluation of novel N-aryl-3,4-

dihydro-1'H-spiro[chromene-2,4'-piperidine]-1'-carboxamides as TRPM8 antagonists. 

Bioorg. Med. Chem. 2013, 21, 6542-6553. 

  (128)  Talavera, K.; Gees, M.; Karashima, Y.; Meseguer, V. M.; Vanoirbeek, J. A.; 

Damann, N.; Everaerts, W.; Benoit, M.; Janssens, A.; Vennekens, R.; Viana, F.; Nemery, 



 

246 

B.; Nilius, B.; Voets, T. Nicotine activates the chemosensory cation channel TRPA1. Nat. 

Neurosci. 2009, 12, 1293-1299. 

  (129)  Harteneck, C.; Frenzel, H.; Kraft, R. N-(p-Amylcinnamoyl)anthranilic Acid 

(ACA): A Phospholipase A2 Inhibitor and TRP Channel Blocker. In Cardiovasc. Drug 

Rev., Blackwell Publishing Inc.: 2007; Vol. 25, pp 61-75. 

  (130)  Hamilton, N. B.; Kolodziejczyk, K.; Kougioumtzidou, E.; Attwell, D. Proton-gated 

Ca(2+)-permeable TRP channels damage myelin in conditions mimicking ischaemia. 

Nature 2016, 529, 523-527. 

  (131)  Hodgson, D. M.; Salik, S.; Fox, D. J. Stereocontrolled syntheses of (-)-cubebol and 

(-)-10-epicubebol involving intramolecular cyclopropanation of alpha-lithiated epoxides. J. 

Org. Chem. 2010, 75, 2157-2168. 

  (132)  Palomo, C.; Oiarbide, M.; Garcia, J. M. Current progress in the asymmetric aldol 

addition reaction. Chem. Soc. Rev. 2004, 33, 65-75. 

  (133)  Carreira, E. M.; Fettes, A.; MartI, C. Catalytic Enantioselective Aldol Addition 

Reactions. Org. React. (Hoboken, NJ, U. S.) 2006, 67, 1-216. 

  (134)  Mukaiyama, T.; Narasaka, K.; Banno, K. New Aldol Type Reaction. Chem. Lett. 

1973, 2, 1011-1014. 

  (135)  Newman, M. S. Enolization in the reformatsky reaction. J. Am. Chem. Soc. 1942, 

64, 2131-2133. 

  (136)  Li, Z.; Li, C. J. CuBr-catalyzed efficient alkynylation of sp3 C-H bonds adjacent to 

a nitrogen atom. J. Am. Chem. Soc. 2004, 126, 11810-11811. 

  (137)  Li, Z.; Li, C. J. Highly efficient copper-catalyzed nitro-Mannich type reaction: 

cross-dehydrogenative-coupling between sp3 C-H bond and sp3 C-H bond. J. Am. Chem. 

Soc. 2005, 127, 3672-3673. 

  (138)  Li, Z.; Li, C. J. CuBr-catalyzed direct indolation of tetrahydroisoquinolines via 

cross-dehydrogenative coupling between sp3 C-H and sp2 C-H bonds. J. Am. Chem. Soc. 

2005, 127, 6968-6969. 

  (139)  Zhang, Y.; Li, C. J. DDQ-mediated direct cross-dehydrogenative-coupling (CDC) 

between benzyl ethers and simple ketones. J. Am. Chem. Soc. 2006, 128, 4242-4243. 

  (140)  Hayashi, Y.; Mukaiyama, T. New Method for Oxidative Carbon-Carbon Bond 

Formation by the Reaction of Allyl Ethers, 2,3-Dichloro-5,6-Dicyano-Para-Benzoquinone 

(Ddq) and Silyl Carbon Nucleophiles. Chem. Lett. 1987, DOI 10.1246/cl.1987.1811, 1811-

1814. 

  (141)  Zheng, C.; You, S. L. Recent development of direct asymmetric functionalization 

of inert C-H bonds. RSC Adv. 2014, 4, 6173-6214. 

  (142)  Li, C. J. Cross-dehydrogenative coupling (CDC): exploring C-C bond formations 

beyond functional group transformations. Acc. Chem. Res. 2009, 42, 335-344. 

  (143)  Jung, H. H.; Floreancig, P. E. Mechanistic Analysis of Oxidative C-H Cleavages 

Using Inter- and Intramolecular Kinetic Isotope Effects. Tetrahedron 2009, 65, 10830-

10836. 

  (144)  Miao, J.; Ge, H. Recent Advances in First-Row-Transition-Metal-Catalyzed 

Dehydrogenative Coupling of C(sp3)-H Bonds. Eur. J. Org. Chem. 2015, 2015, 7859-7868. 

  (145)  Narayan, R.; Manna, S.; Antonchick, A. P. Hypervalent Iodine(III) in Direct 

Carbon-Hydrogen Bond Functionalization. Synlett 2015, 26, 1785-1803. 



 

247 

  (146)  Klussmann, M.; Sureshkumar, D. Catalytic Oxidative Coupling Reactions for the 

Formation of Carbon-Carbon Bonds without Carbon-Metal Intermediates. Synthesis 2010, 

2011, 353-369. 

  (147)  Liu, L.; Floreancig, P. E. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone-catalyzed 

reactions employing MnO2 as a stoichiometric oxidant. Org. Lett. 2010, 12, 4686-4689. 

  (148)  Yoo, W.-J.; Li, C.-J. Cross-Dehydrogenative Coupling Reactions of sp3-

Hybridized C–H Bonds. Top. Curr. Chem. 2009, 292, 281-302. 

  (149)  Girard, S. A.; Knauber, T.; Li, C. J. The cross-dehydrogenative coupling of C(sp3)-

H bonds: a versatile strategy for C-C bond formations. Angew. Chem., Int. Ed. 2014, 53, 

74-100. 

  (150)  Batra, A.; Singh, P.; Singh, K. N. Cross Dehydrogenative Coupling (CDC) 

Reactions ofN,N-Disubstituted Formamides, Benzaldehydes and Cycloalkanes. Eur. J. 

Org. Chem. 2016, 2016, 4927-4947. 

  (151)  Kim, H.; Chang, S. Transition-Metal-Mediated Direct C-H Amination of 

Hydrocarbons with Amine Reactants: The Most Desirable but Challenging C-N Bond-

Formation Approach. Acs Catal 2016, 6, 2341-2351. 

  (152)  Yang, L.; Huang, H. M. Asymmetric catalytic carbon-carbon coupling reactions via 

C-H bond activation. Catal Sci Technol 2012, 2, 1099-1112. 

  (153)  Yeung, C. S.; Dong, V. M. Catalytic dehydrogenative cross-coupling: forming 

carbon-carbon bonds by oxidizing two carbon-hydrogen bonds. Chem. Rev. 2011, 111, 

1215-1292. 

  (154)  Scheuermann, C. J. Beyond traditional cross couplings: the scope of the cross 

dehydrogenative coupling reaction. Chem. - Asian J. 2010, 5, 436-451. 

  (155)  Li, C.-J. Unorthodox chemistry for an unorthodox challenge: Exploration of new 

chemical reactivities for a sustainable future. Sci. China: Chem. 2011, 54, 1815-1830. 

  (156)  Guo, X.; Zipse, H.; Mayr, H. Mechanisms of hydride abstractions by quinones. J. 

Am. Chem. Soc. 2014, 136, 13863-13873. 

  (157)  Meng, Z.; Sun, S.; Yuan, H.; Lou, H.; Liu, L. Catalytic enantioselective oxidative 

cross-coupling of benzylic ethers with aldehydes. Angew. Chem., Int. Ed. 2014, 53, 543-

547. 

  (158)  Tu, W.; Liu, L.; Floreancig, P. E. Diastereoselective tetrahydropyrone synthesis 

through transition-metal-free oxidative carbon-hydrogen bond activation. Angew. Chem., 

Int. Ed. 2008, 47, 4184-4187. 

  (159)  Tsang, A. S. K.; Jensen, P.; Hook, J. M.; Hashmi, A. S. K.; Todd, M. H. An 

oxidative carbon-carbon bond-forming reaction proceeds via an isolable iminium ion. Pure 

Appl. Chem. 2011, 83, 655-665. 

  (160)  Nicewicz, D. A.; Hamilton, D. S. Organic Photoredox Catalysis as a General 

Strategy for Anti-Markovnikov Alkene Hydrofunctionalization. Synlett 2014, 25, 1191-

1196. 

  (161)  Adams, R. N. Applications of modern electroanalytical techniques to 

pharmaceutical chemistry. J. Pharm. Sci. 1969, 58, 1171-1184. 

  (162)  Mabbott, G. A. An introduction to cyclic voltammetry. J. Chem. Educ. 1983, 60, 

697. 

  (163)  Nicholson, R. S. Polarographic theory, instrumentation, and methodology. Anal. 

Chem. 1972, 44, 478-489. 



 

248 

  (164)  Laborda, E.; González, J.; Molina, Á. Recent advances on the theory of pulse 

techniques: A mini review. Electrochem. Commun. 2014, 43, 25-30. 

  (165)  Bromby, A. D.; Jansonius, R. P.; Sutherland, T. C. Synthesis and optical and 

electronic properties of core-modified 21,23-dithiaporphyrins. J. Org. Chem. 2013, 78, 

1612-1620. 

  (166)  Bromby, A. D.; Keller, S. N.; Bozek, K. J.; Williams, V. E.; Sutherland, T. C. Pi-

Extended Ethynyl 21,23-Dithiaporphyrins: A Synthesis and Comparative Study of 

Electrochemical, Optical, and Self-Assembling Properties. J. Org. Chem. 2015, 80, 9401-

9409. 

  (167)  Iwasaki, G.; Sano, M.; Sodeoka, M.; Yoshida, K.; Shibasaki, M. Asymmetric-

Synthesis of (2r)-2-Hydroxy-2-(2(Z)-Octenyl)-1-Cyclopentanone. J. Org. Chem. 1988, 53, 

4864-4867. 

  (168)  Schenck, T. G.; Downes, J. M.; Milne, C. R. C.; Mackenzie, P. B.; Boucher, H.; 

Whelan, J.; Bosnich, B. Bimetallic Reactivity - Synthesis of Bimetallic Complexes 

Containing a Bis(Phosphino)Pyrazole Ligand. Inorg. Chem. 1985, 24, 2334-2337. 

  (169)  Krompiec, S.; Kuznik, N.; Urbala, M.; Rzepa, J. Isomerization of alkyl allyl and 

allyl silyl ethers catalyzed by ruthenium complexes. J. Mol. Catal. A: Chem. 2006, 248, 

198-209. 

  (170)  Kuznik, N.; Krompiec, S. Transition metal complexes as catalysts of double-bond 

migration in O-allyl systems. Coord. Chem. Rev. 2007, 251, 222-233. 

  (171)  Brook, M. A.; Hadi, M. A.; Neuy, A. An examination of the β-effect in an addition 

reaction with different ligands on silion. J. Chem. Soc., Chem. Commun. 1989, 

10.1039/c39890000957, 957-958. 

  (172)  Yoshida, J.; Maekawa, T.; Murata, T.; Matsunaga, S.; Isoe, S. Electrochemical 

oxidation of organosilicon compounds. Part 7. The origin of .beta.-silicon effect in 

electron-transfer reactions of silicon-substituted heteroatom compounds. Electrochemical 

and theoretical studies. J. Am. Chem. Soc. 1990, 112, 1962-1970. 

  (173)  Li, X.; Stone, J. A. Determination of the .beta.-silicon effect from a mass 

spectrometric study of the association of trimethylsilylium with alkenes. J. Am. Chem. Soc. 

1989, 111, 5586-5592. 

  (174)  Moran, J.; Gorelsky, S. I.; Dimitrijevic, E.; Lebrun, M. E.; Bedard, A. C.; Seguin, 

C.; Beauchemin, A. M. Intermolecular cope-type hydroamination of alkenes and alkynes 

using hydroxylamines. J. Am. Chem. Soc. 2008, 130, 17893-17906. 

  (175)  Pfeiffer, J. Y.; Beauchemin, A. M. Simple reaction conditions for the formation of 

ketonitrones from ketones and hydroxylamines. J. Org. Chem. 2009, 74, 8381-8383. 

  (176)  Moran, J.; Pfeiffer, J. Y.; Gorelsky, S. I.; Beauchemin, A. M. Ketonitrones via 

Cope-type hydroamination of allenes. Org. Lett. 2009, 11, 1895-1898. 

  (177)  Dion, I.; Vincent-Rocan, J. F.; Zhang, L.; Cebrowski, P. H.; Lebrun, M. E.; 

Pfeiffer, J. Y.; Bedard, A. C.; Beauchemin, A. M. Studies on difficult intramolecular 

hydroaminations in the context of four syntheses of alkaloid natural products. J. Org. 

Chem. 2013, 78, 12735-12749. 

  (178)  Blaquiere, N.; Shore, D. G.; Rousseaux, S.; Fagnou, K. Decarboxylative ketone 

aldol reactions: development and mechanistic evaluation under metal-free conditions. J. 

Org. Chem. 2009, 74, 6190-6198. 



 

249 

  (179)  Chen, T. Y.; Tsutsumi, R.; Montgomery, T. P.; Volchkov, I.; Krische, M. J. 

Ruthenium-catalyzed C-C coupling of amino alcohols with dienes via transfer 

hydrogenation: redox-triggered imine addition and related hydroaminoalkylations. J. Am. 

Chem. Soc. 2015, 137, 1798-1801. 

  (180)  Liang, T.; Nguyen, K. D.; Zhang, W.; Krische, M. J. Enantioselective ruthenium-

catalyzed carbonyl allylation via alkyne-alcohol C-C bond-forming transfer hydrogenation: 

allene hydrometalation vs oxidative coupling. J. Am. Chem. Soc. 2015, 137, 3161-3164. 

  (181)  McInturff, E. L.; Nguyen, K. D.; Krische, M. J. Redox-triggered C-C coupling of 

diols and alkynes: synthesis of beta,gamma-unsaturated alpha-hydroxyketones and furans 

by ruthenium-catalyzed hydrohydroxyalkylation. Angew. Chem., Int. Ed. 2014, 53, 3232-

3235. 

  (182)  Park, B. Y.; Luong, T.; Sato, H.; Krische, M. J. A Metallacycle Fragmentation 

Strategy for Vinyl Transfer from Enol Carboxylates to Secondary Alcohol C-H Bonds via 

Osmium- or Ruthenium-Catalyzed Transfer Hydrogenation. J. Am. Chem. Soc. 2015, 137, 

7652-7655. 

  (183)  Tsutsumi, R.; Hong, S.; Krische, M. J. Diastereo- and Enantioselective Iridium 

Catalyzed Carbonyl (alpha-Cyclopropyl)allylation via Transfer Hydrogenation. Chem. -

Eur. J. 2015, 21, 12903-12907. 

  (184)  Wang, G.; Franke, J.; Ngo, C. Q.; Krische, M. J. Diastereo- and Enantioselective 

Iridium Catalyzed Coupling of Vinyl Aziridines with Alcohols: Site-Selective Modification 

of Unprotected Diols and Synthesis of Substituted Piperidines. J. Am. Chem. Soc. 2015, 

137, 7915-7920. 

  (185)  Chianese, G.; Fattorusso, E.; Putra, M. Y.; Calcinai, B.; Bavestrello, G.; Moriello, 

A. S.; De Petrocellis, L.; Di Marzo, V.; Taglialatela-Scafati, O. Leucettamols, 

bifunctionalized marine sphingoids, act as modulators of TRPA1 and TRPM8 channels. 

Mar. Drugs 2012, 10, 2435-2447. 

  (186)  Bertamino, A.; Ostacolo, C.; Ambrosino, P.; Musella, S.; Di Sarno, V.; Ciaglia, T.; 

Soldovieri, M. V.; Iraci, N.; Fernandez Carvajal, A.; de la Torre-Martinez, R.; Ferrer-

Montiel, A.; Gonzalez Muniz, R.; Novellino, E.; Taglialatela, M.; Campiglia, P.; Gomez-

Monterrey, I. Tryptamine-Based Derivatives as Transient Receptor Potential Melastatin 

Type 8 (TRPM8) Channel Modulators. J. Med. Chem. 2016, 59, 2179-2191. 

  (187)  Tejima, H. Japan Patent 2 000 239 142. 2000. 

  (188)  Green, C. B.; Nakatsu, T.; Ishizaki, T.; Lupo, A. T., Jr. Eurpean Patent 1 122 233. 

2001. 

  (189)  Nair, M. K.; Kumar, L. D.; Pan, P. C. WIPO Patent 9 811 867. 1997. 

  (190)  Dewis, M. L.; Huber, M. E.; Cossette, M. V. European Patent 1 493 336, U.S. 

Patent 6 884 906 2005. 

  (191)  Leffingwell, J. C. Cool without menthol & cooler than menthol and cooling 

compounds as insect repellents http://www.leffingwell.com/cooler_than_menthol.htm 

[Online], 2016.  (accessed September 23, 2016). 

  (192)  Velazco, M. I.; Wuensche, L.; Deladoey, P. US 6214788 B1, 2001. 

  (193)  Lo, M. W.; Matsumoto, K.; Iwai, M.; Tashima, K.; Kitajima, M.; Horie, S.; 

Takayama, H. Inhibitory effect of Iboga-type indole alkaloids on capsaicin-induced 

contraction in isolated mouse rectum. J. Nat. Med. 2011, 65, 157-165. 

http://www.leffingwell.com/cooler_than_menthol.htm


 

250 

  (194)  Terada, Y.; Horie, S.; Takayama, H.; Uchida, K.; Tominaga, M.; Watanabe, T. 

Activation and inhibition of thermosensitive TRP channels by voacangine, an alkaloid 

present in Voacanga africana, an African tree. J. Nat. Prod. 2014, 77, 285-297. 

  (195)  Keenan, M.; Abbott, M. J.; Alexander, P. W.; Armstrong, T.; Best, W. M.; Berven, 

B.; Botero, A.; Chaplin, J. H.; Charman, S. A.; Chatelain, E.; von Geldern, T. W.; Kerfoot, 

M.; Khong, A.; Nguyen, T.; McManus, J. D.; Morizzi, J.; Ryan, E.; Scandale, I.; 

Thompson, R. A.; Wang, S. Z.; White, K. L. Analogues of fenarimol are potent inhibitors 

of Trypanosoma cruzi and are efficacious in a murine model of Chagas disease. J. Med. 

Chem. 2012, 55, 4189-4204. 

  (196)  Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis. 3 ed.; John 

Wiley & Sons: New York, 1999. 

  (197)  Figueroa, R.; Feltenberger, J. B.; Guevarra, C. C.; Hsung, R. P. Two Remarkable 

Epimerizations Imperative for the Success of an Asymmetric Total Synthesis of (+)-

Aigialospirol. Sci. China: Chem. 2011, 54, 31-42. 

  (198)  Li, Z.; Fang, L.; Wang, J.; Dong, L.; Guo, Y.; Xie, Y. An Improved and Practical 

Synthesis of Tranexamic Acid. Org. Process Res. Dev. 2015, 19, 444-448. 

  (199)  Hamill, O. P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F. J. Improved patch-

clamp techniques for high-resolution current recording from cells and cell-free membrane 

patches. Pflugers Arch., EJP 1981, 391, 85-100. 

  (200)  Flynn, R.; Chapman, K.; Iftinca, M.; Aboushousha, R.; Varela, D.; Altier, C. 

Targeting the transient receptor potential vanilloid type 1 (TRPV1) assembly domain 

attenuates inflammation-induced hypersensitivity. J. Biol. Chem. 2014, 289, 16675-16687. 

  (201)  Technical Manual: FuGENE® 6 Transfection Reagent. In Protocols, Promega 

Corporation: Madison, WI, USA, 2011. 

  (202)  McRae, S. R.; Brown, C. L.; Bushell, G. R. Rapid purification of EGFP, EYFP, and 

ECFP with high yield and purity. Protein Expression Purif. 2005, 41, 121-127. 

  (203)  Gee, K. R.; Brown, K. A.; Chen, W. N.; Bishop-Stewart, J.; Gray, D.; Johnson, I. 

Chemical and physiological characterization of fluo-4 Ca(2+)-indicator dyes. Cell Calcium 

2000, 27, 97-106. 

  (204)  Neher, E.; Sakmann, B. Single-channel currents recorded from membrane of 

denervated frog muscle fibres. Nature 1976, 260, 799-802. 

  (205)  Scanziani, M.; Hausser, M. Electrophysiology in the age of light. Nature 2009, 461, 

930-939. 

  (206)  Plested, A. J. Single-Channel Recording of Ligand-Gated Ion Channels. Cold 

Spring Harb. Protoc. 2016, 2016, pdb top087239. 

  (207)  Staley, K. J.; Otis, T. S.; Mody, I. Membrane properties of dentate gyrus granule 

cells: comparison of sharp microelectrode and whole-cell recordings. J. Neurophysiol. 

1992, 67, 1346-1358. 

  (208)  Linte, R. M.; Ciobanu, C.; Reid, G.; Babes, A. Desensitization of cold- and 

menthol-sensitive rat dorsal root ganglion neurones by inflammatory mediators. Exp. Brain 

Res. 2007, 178, 89-98. 

  (209)  Zhao, Y.-L.; Wang, Y.; Luo, Y.-C.; Fu, X.-Z.; Xu, P.-F. Asymmetric C–H 

functionalization involving organocatalysis. Tetrahedron Lett. 2015, 56, 3703-3714. 



 

251 

  (210)  Fiske, C. H. The hydrolysis of amides in the animal body. The comparative stability 

of surface active homologs in relation to the mechanism of enzyme action. J. Biol. Chem. 

1923, 55, 191-220. 

  (211)  Cacheux, F.; Medran-Navarrete, V.; Dolle, F.; Marguet, F.; Puech, F.; Damont, A. 

Synthesis and in vitro characterization of novel fluorinated derivatives of the translocator 

protein 18 kDa ligand CfO-DPA-714. Eur. J. Med. Chem. 2016, 125, 346-359. 

  (212)  Obach, R. S.; Walker, G. S.; Brodney, M. A. Biosynthesis of Fluorinated Analogs 

of Drugs Using Human Cytochrome P450 Enzymes Followed by Deoxyfluorination and 

Quantitative Nuclear Magnetic Resonance Spectroscopy to Improve Metabolic Stability. 

Drug Metab. Dispos. 2016, 44, 634-646. 

  (213)  Silva Elipe, M. V.; Li, L.; Nagapudi, K.; Kook, A. M.; Cobas, C.; Iglesias, I.; Peng, 

C. Application of (19) F time-domain NMR to measure content in fluorine-containing drug 

products. Magn. Reson. Chem. 2016, 54, 531-538. 

  (214)  Reinscheid, F.; Reinscheid, U. M. Stereochemical analysis of menthol and 

menthylamine isomers using calculated and experimental optical rotation data. J. Mol. 

Struct. 2016, 1103, 166-176. 

  (215)  Braddock, D. C.; Clarke, J.; Rzepa, H. S. Epoxidation of bromoallenes connects red 

algae metabolites by an intersecting bromoallene oxide--Favorskii manifold. Chem. 

Commun. (Cambridge, U. K.) 2013, 49, 11176-11178. 

  (216)  Ohmura, T.; Yamamoto, Y.; Miyaura, N. Stereoselective Synthesis of Silyl Enol 

Ethers via the Iridium-Catalyzed Isomerization of Allyl Silyl Ethers. Organometallics 

1999, 18, 413-416. 

  (217)  Ohmura, T.; Shirai, Y.; Yamamoto, Y.; Miyaura, N. A stereoselective 

isomerization of allyl silyl ethers to (E)- or (Z)-silyl enol ethers using cationic iridium 

complexes. Chem. Commun. (Cambridge, U. K.) 1998, DOI 10.1039/a802760i, 1337-1338. 

  (218)  Muramatsu, W.; Nakano, K. Organocatalytic approach for C(sp3)-H bond 

arylation, alkylation, and amidation of isochromans under facile conditions. Org. Lett. 

2014, 16, 2042-2045. 

  (219)  Bergueiro, J.; Montenegro, J.; Saá, C.; López, S. One-step chemoselective 

conversion of tetrahydropyranyl ethers to silyl-protected alcohols. RSC Adv. 2014, 4, 

14475. 

  (220)  D'Sa, B. A.; McLeod, D.; Verkade, J. G. Nonionic Superbase-Catalyzed Silylation 

of Alcohols. J. Org. Chem. 1997, 62, 5057-5061. 

  (221)  Fox, R. J.; Lalic, G.; Bergman, R. G. Regio- and stereospecific formation of 

protected allylic alcohols via zirconium-mediated S(N)2' substitution of allylic chlorides. J. 

Am. Chem. Soc. 2007, 129, 14144-14145. 

  (222)  Shigeyama, T.; Katakawa, K.; Kogure, N.; Kitajima, M.; Takayama, H. 

Asymmetric total syntheses of two phlegmarine-type alkaloids, lycoposerramines-V and -

W, newly isolated from Lycopodium serratum. Org. Lett. 2007, 9, 4069-4072. 

  (223)  Lim, S. M.; Hill, N.; Myers, A. G. A method for the preparation of differentiated 

trans-1,2-diol derivatives with enantio- and diastereocontrol. J. Am. Chem. Soc. 2009, 131, 

5763-5765. 

  (224)  Chan, D. G.; Winternheimer, D. J.; Merlic, C. A. Enol silyl ethers via copper(II)-

catalyzed C-O bond formation. Org. Lett. 2011, 13, 2778-2781. 



 

252 

  (225)  Pan, X.; Hu, Q.; Chen, W.; Liu, X.; Sun, B.; Huang, Z.; Zeng, Z.; Wang, L.; Zhao, 

D.; Ji, M.; Liu, L.; Lou, H. Copper(II) catalyzed cross-dehydrogenative coupling of cyclic 

benzylic ethers with simple carbonyl compounds by Na2S2O8. Tetrahedron 2014, 70, 

3447-3451. 

  (226)  Gabriels, S.; Van Haver, D.; Vandewalle, M.; De Clercq, P.; Viterbo, D. On the 

unexpected stereochemical outcome of the magnesium in methanol - Conjugate reduction 

of an exocyclic alpha,beta-unsaturated ester. Eur. J. Org. Chem. 1999, 8, 1803-1809. 

  (227)  Hamada, H. Enantioselectivity in the Biotransformation of Mono- and Bicyclic 

Monoterpenoids with the Cultured Cells ofNicotiana tabacum. Bull. Chem. Soc. Jpn. 1988, 

61, 869-878. 

  (228)  Schneider, D. F.; Viljoen, M. S. Stereoselective synthesis of (6R)- and (6S)-

diosphenol and Ψ-diosphenol. Tetrahedron 2002, 58, 5307-5315. 

  (229)  Takaki, K.; Okada, M.; Yamada, M.; Negoro, K. Reactions of 3-(phenylthio)-3-

buten-2-one with cycloalkanones. A new approach to fused phenols. J. Org. Chem. 1982, 

47, 1200-1205. 

  (230)  Flynn, R.; Chapman, K.; Iftinca, M.; Aboushousha, R.; Varela, D.; Altier, C. 

Targeting the transient receptor potential vanilloid type 1 (TRPV1) assembly domain 

attenuates inflammation-induced hypersensitivity. J. Biol. Chem. 2014, 289, 16675-16687. 

  (231)  Ramachandran, R.; Mihara, K.; Chung, H.; Renaux, B.; Lau, C. S.; Muruve, D. A.; 

DeFea, K. A.; Bouvier, M.; Hollenberg, M. D. Neutrophil elastase acts as a biased agonist 

for proteinase-activated receptor-2 (PAR2). J. Biol. Chem. 2011, 286, 24638-24648. 

 


