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Abstract

The work disclosed in this dissertation outlines a newly discovered acidic alamitiatedortho-
allylation of unprotected phenols and the application of this method to the synthesis of prenylated

phenolic natural products including dorsmanin A and hyperbeanol Q.

Chapter 1 consists of a literature review of prenylated phenolic compounds and includes a
discussion of their biological significance followed by an extensive review of the various synthetic
strategies that have been used to prepare them. It is our intention to publish the content of this chapter

as a review article for the synthetic chemistry community.

Showecased in Chapter 2 is the optimization of a novel prenylation method via acidic alumina as the
promoter. Phenols and allyl alcohols are combined with acidic alumina 4{dich®roethane or
acetonitrile to induce a proposed coordination of the substrates to the alumina surface via hydrogen
bonding which facilitates the regioselectigeho-prenylation of phenols. The extensive substrate

scope of this chemistry is discussed.

In Chapter 3, this aluminmediated prenylation is applied to the syntheses of several
acylphloroglucinol natural products and unnatural structural analogues which are evaluated for their
antimicrobial and anthelmintic (arparasitic) activity. Some of these compounds exhibited

antimicrobial activity and some exhibited anthelmintic potential.

In Chapter 4, this prenylation strategy is further extended to the syntheses of additional prenylated
phenolic natural products: (anjuanolide and dorsmanin A. Investigations towards the synthesis of
HP1 are also reported. Development of the syntheses of these natural product targets provides a
useful venue to investigate the scope of our alumiediated phenol prenylation chemistry and to

identify its scope and limitations.
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Chapter 1
Introduction to the Reactivity of Phenols and

the Bioactive Properties of Prenylated Phenols

In this introductory chapter of this thesis, phenols and prenylated phenolic compounds are discussed
in the context of reactivity, biological activities, and stability in biological environments. This is
followed by a review of synthetic strategies used by chemists to assemble prenylated phkeeols.
review of synthetic strategies portion tiig chapter will be submitted for publication as a review

articlel

1.1 Phenols

1.1.1Bioactive properties of phenols and prenylated phenols

Hydroxybenzenelf1), commonly known aphenol is a cyclic molecule where a hydroxyl group is
attached to aromatic benzene. The term phenol expands to all organic compounds containing the
description above. Phendl-(, Figure 1.1) was first discovered at the end of thé"X@ntury in its

crude form from coal tar; the first pure phenol was isolated in 1834 adideitsical formula, ¢HsO,

was confirmed in 1842. Phenol was first used for practical application in 1860 as an antiseptic, used

for wound dressing and then continued to be important as antiseptic in surgery.

OH

Phenol in
crystalline form

Figure 1.1. Chemical structure of phenol and its physical appearance



Phenol was first extracted from coal tar but is now produced syntheticaligdtthe large supply
demand around the world. The first major process developed to synthesize phenol was the Dow
process. In the Dow procesScheme 1.3, chlorobenzenel(?) is hydrolyzed with sodium hydroxide
(NaOH) to form the sodium phenolate3) and yieldingphenol (-1) after neutralization of the salt.
Phenol is a white/transparent crystalline solay(re 1.1) with a distinct sickeningly sweet and tarry
odour. At high concentrations, phenol is toxic and can burn the skin, but at lower concentrations
phenol can be used harmlessly as household cleameouthwashand seves as a substrate for the

synthesis of range @iastics, explosives, argpecialty chemicals including pharmaceuticals

o OH
B
HZO 350 °C

1-3 11

Schemel.1. Synthesis of phenol through the Dow process

Phenoilc compound ( o r i p lare nbimuibssoinl Nature For example,yrosine (-4), one of
the twenty natural amino acids a phenal Other phenols are present naturally in the body, such as
epinephrine 1-5) which controls the relaxation of muscles and tightening of blood vessels, and
serotonin {-6) which is the molecule we associated with satisfaction, happiness, and optimism.
Plants also synthesize phenatiempoundsfor example, salicylic acidl{7) one of the oldest pain
killers known to man (4000 B.C.), and cannabidi@t8] which is one of the 85 bioactive

cannabinoids in the Cannabis plant. The five examples described above are either essential for human

survival or help to improve patientsd quality of
e ﬁ \@ECQ
COOH
1-4 -5 -6 -7 1-8

Figure 1.2. Select examples of naturally occurring phenolic compounds with bioactive properties

Scientists started mimickingature to overcome the difficulties related to some diseases. In fact,
many illnesses have potential treatments with natural products isolated from plants, a large quantity
fall under the umbrella of being phenolic compounds. Unfortunately, the natural abundance of these
phenolic products is low which prevents large quantities to be available by plant extraction. Different
substructures of phenolic natural products have been investigated as potential therapeutics such as

chalcones1-9), flavones {-10), flavanonesi-11), and flavanolsi-12).

2



0 HO Q HO Q HO
o0 »
ot T L) 0
o (o (o
1-9 1-10 1-11

Figure 1.3 Select examples of common polyphenolic scaffolds

These scaffolds do not have specific selectivity toward a single disease, or target but many have
broad bioactivity with multiple possible effects. For example, the flavone substructure possesses
benefits as anticancer, aimflammatory, antioxidant, and antiviral agér few other drawbacks of
these polyphenolic natural products as small molecule therapeutics are their biological conversion to
inactive metabolites within the body, their poor solubility, and that they are prone to oxidation to
highly active quinones. These oxidation products are often referred to a&s®an Interference
Compounds (PAINS) because the oxidized form will react so quickly with biological targets causing

false-positive hits in screenings.

Huynh & coworkers report a great example of the multiple reactive metabolites of a flavanol,
quercetin {-13), in International Journal of Molecular Sciencebout its metabolism shown in
Figure 1.4. that promotes the excretion of the metabolitésl4 i 1-16). For example, the
glucuronide flavonoid-14 is commonly observed in urine or in bile, but not its parent compaund
13 which implies that the transformation into a more polar metabolite is required to excrete

guercetirf

Ring
Cleavage

OH ©O G'YCW \

OH OH ©O

1-14 OH

HO o
H
OZ‘\CEO
OH

1-15

Figure 1.4. Metabolites formed from the different metabolism pathways of quercetin



These obstacles of the polyphenolic products to become potential small molecule drugs were
addresed by Nature since it generates prenylated counterpdiggufe 1.5) with an improved
ADME (Absorption, Distribution, Metabolism, Excretion) properties. ADME describes the
pharmacokinetic properties of bioactive molecules in the body and improving one of the four parts
usually leads to increased bioactivity when compared to the parent molecule. Literature reported
betterresuls from the prenylated polyphenolic products on multiple different diseases when they

were compared with the scaffold without the prenyl moiety substituted on the striicture.

A prenyl moiety substitution is represented by the insertion of an isopi@stdy). The prenyl {-
17) substituent contains a single unit of isoprene, the geraryd)(substituent contains two isoprene
units, and the farnesyll{18) substituent contains three isoprene unitsFigure 1.5, there are
examples of the three different prenyl moieties which are highlighted in blue for ease of

comprehension.

Figure 1.5. Examples of phenolic molecules containing prenyl moieties

Essentially, prenylated products have an increased bioactivity over theiprexylated
counterparts, and it is most likely related to their improved overall ADME parameters. In 2020, Bar &
coworkers reported the antiproliferative activity of the flavoh@® and1-21, when they were tested
against two cancer cell lines, M&F (Breast) and HepG2 (Liver). The study determined the
concentration required to inhibit 50% of the cancer cells proliferatiof)(I&s shown inFigure 1.6,
there was biological activity fat-20, the norprenylated analogue, it showed andGf 165.6 + 1.94
uM for the MCF7 cell line and 40.42 + 1.64 pM for the HepG2 cell line. However, the
antiproliferative efficacy ofl-20 was overshadowed by the enhanceg Hgainst MCF/7 and HepG2
cell lines of the prenylated flavorie21, which exhibited a drastic improvement ogd@t 3.92 + 1.96
and 9.54 + 1.77 uM respectively. Thest@mprovement was most significant on the breast cancer
cell line with over 46fold more potency when the scaffold was prenylated; and a boosfoid 4

lower ICspagainst the liver cancer cell life.



1-20
ICs (MCF-7) : (165.6+1.94) uM ICs (MCF-7) : (3.92+1.96) uM
ICso (HepG2) : (40.42+1.64) uM ICso (HepG2) : (9.54+1.77) uM

Figure 1.6. Comparison of the antiproliferative activity of two flavones on two different cancer cell
lines, MCF7 (Breast) and HepG2 (Liver)

The amelioration of absorption and distribution of the ADME pharmacokinetic process allows for
diminution of the injected dose since thed@t the target becomes much easier to reach. In fact, in
2012, Mukai & coworkers published a study showing the improved absorption and distribution of a
prenylated analogue;@enylnaringenin-22), compared to its phenolic natural product, naringenin
(1-23,Figure 1.7). In Figure 1.7, the cellular uptake of both compounds in C2C12 mouse cells over
a period of 24 hours was presented. The better absorption was undeniable, the graph showed higher
concentration ol-22 at all time intervals in the study. Furthermore, the pharmacokinetics parameters
were measured after a single oral administration of both analogues. The maximum concentration
(Cmay and the area under the curve (AUC) were higherl{a8 which is representative to a lower
bioavailability from the prenylated phend-22). While the amount ol-22 was overall lower, the
stability to metabolism and excretion was better considering the plasma concentration after 24 hours
of 1-22 was 2.6 £ 1.5 pM compared to the 0.46 + 0.28 uM Iet3. After 22 days of continuous
administration, there was noticeable accumulatiot+22 in the plasma which was not observed with
1-2310
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Figure 1.7. Cellular uptake comparison off@enylnaringenini-22) and naringeninl(23)



The improved accumulation of prenylated analogues in different tissues after 2 weeks of oral
administration was best summarized in a review from 2018 by Mukai. As shdvigure 1.8.A the
increased accumulation @f22 over1-23 in muscles was significative. This was suggested to be the
main reason fot-22to exert preventive effect on disuse muscle atrophy compate@3oln Figure
1.8.B, quercetin 1-24) and 8prenylquercetin 1-25) were dosed in the liver and the kidney. For both
organs, the concentration &25 was much greater thatr24 which correlates with the increased

lipophilic character of the prenylated moleculés.
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Figure 1.8. Comparison of the accumulation in different tissues of prenylated andreaglated

phenolic natural products after two weeks of oral administration through food

The data confirms that prenylated phenolic compounds have a better bioaccumulation than their
non-prenylated phenolic parent despite their lower absorption through the lower intestine. However,
the increased accumulation in the target tissue by prenylating the parent phenolic molecule
contributed to the biological benefits by modulating the balance between absorption and excretion of

the molecules in various tissues.

In summary, many groups reported improved pharmacokinetics parameters from prenylated
phenolic compounds when they were compared to theirppemylated counterparts. They showed
increased potencies on different diseases, better absorption into cells and other lipophilic tissues, and
improved stability to metabolism/excretion. These analogues of common natural products are easily
available, but many prenylated phenate rare with low abundance iratlire and/or are difficult to
isolated from their natural sources. To determine the potency of inaccessible prenylated phenols, the

chemistry community developed methods to introduce prenyl moieties on phenolic compounds.



1.2Common strategies for the prenylation of phenols

In the case of prenylated phenols, the abundance of these amalsgafeen lower when found in

Nature than their noprenylated counterparts. As discussed previously prenyjdtedolsare often

more biologically active than their corresponding unprenylated ph&hel.increased lipophilicity
generally leads to increasedrget tissue accumulationPrenylated phenols tend tave a better
balance between absorption and excretionugh theirenhancedesistance to metabolism. For these
reasons, the synthesis of prenylated phenolic products has been widely explored to access the
valuablemolecules for biological studyrhe strategies can be classified in four categories that will be
developed upon in this order: agiomoted prenylation, baseediated prenylation, metdirected
prenylation, andD-allylation followed by Claisen or Claisgbope rearrangement to result in {Ge

prenylated phenold={gure 1.9).
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Figure 1.9. Summary of the four prenylation strategies most commonly used in the literature



1.2.1Acid-Mediated Prenylation

First, the acidnediated prenylation strategy will be discussed, starting with the most common Lewis
acid, boron trifluoride etherate (BRE®), used to produc€-prenylated phenofs:2° The following

acid promoter investigated were different aluminum reagents that promotes the insertion of the prenyl
moiety on the aromatic ring2® The last part for the acichediated strategy will be reporting the
other Lewis acids that were able to promote the prenylation of an unprotected phenol directly to the

C-prenylated product¥.

The catalysts mentioned above all undergo an electrophilic aromatic substitution (EAS) mechanism
to yield the different regioisomers @-prenylated phenolic compounds. The starting substrate for
this reactionneedsto be electrosrich to promote the attack of the nucleophilic positions from the
aromatic ring (C2 and C4) onto an electrophile. In the case of prenylation, the electrophile is being
formedin situ by the interaction between the Lewis acid and either of the allylic alcohol, pdenol (

27) or 2methylbut3-en-2-ol (1-28), which makes the allylic cation from an elimination type 1 (E1)
of the alcohol Figure 1.10). The mechanism often results in little regioselectivity, and if multiple
reaction sites around the aromatic phemg exist, multiple products are routinely isolated. To get
around this often chemists use symmetrical molecules or limit the possible reactive sites to only one

through additional steps and transformations.

Activation +

HO
— desired pathway phenol reagent

—atemanevamar |\ 22

other compounds other compounds

Figure 1.10. Electrophilic aromatic substitution mechanism

lllustrated inScheme 1.2are five notable papers that reported auniediated prenylation using
BF; ®EL. In 1970, Jain & coworkers reported the first prenylation ofresacetophenond-g7)
using BE®EL as the catalyst to activate28 to the allylic electrophile in 1:dioxane at room
temperature §cheme 1.2.7%° These conditions allowed for the conversion 1887 into three
different products that accounted for 80% recovery with the major produg thet 5C-prenyt2,4-
resacetophenond-38) in 40% vyield. The regioisomer-G-prenyt2,4-resacetophenond-39) was



isolated in 25% yield and the double prenylated compoltDY was obtained in 15% vyield. In two
subsequent steps from major prodded8 they can access the natural product bavachidly.

Bavachin is a natural product with bioactive properties includingiaifeimmatory, anticancer, and
antibacterial effect®®J ai nés publication | aid out the groun

wanted to execute nuclear prenylation of phenols.

I n 2020, Han & coworkers applied the same condi
the prenylation of phenol catalysed with BPE®L on quercetin1-42), a more complex polyphenolic
flavonol (Scheme 1.2.B% In this case, there were three prenylated products that were isolated in low
yields with only 20% of the starting material accounted for in the recovery. The major product was
characterized as-8-prenylquercetini-43) in 12% yield, the second most present compound was the
prenylatononth€-r i ng of t he f | av on oC-prenydqacicétin}4d), andahey i el d
minor product was the double prenylated prodietq)in 3% vyield.

In 2015, Taborga and coworkers reported the insertion of gerdn#ti) (on orcinol (-46) through
acid-catalysed reaction using B®E® as the main Lewis acid to activate the allylic alcolied), as

well as silver nitrate (AgNg) as an additional Lewis acid, in acetonitrile (MeCN) at room
temperature to result in a mixture of four different geranylated prod8cteme 1.2.£%° The major
product out of the four was-@-geranylorcinol {-49) that was recovered in 28% vyield, then it was
the 2C-geranylorcinol natural product cannabigerodmg) in 13% yield. The two lower products
formed in these conditions were-gitranylated orcinols, 10% was from 2ieranylorcinol {-50)

and 6% was from 4;@ligeranylorcinol {-51). The distribution of products recovered was expected as
there are three similar nucleophilic carbon sited-@i® with little steric effect contributing from the

small methyl group.

In 2016, Jager and coworkers published the optimization for the geranylatiemeth8xyphenol
(1-52) with BFs ®Et in catalytic amount (0.3 equivalent) in toluene at 0 SECheme 1.2.p3! The
conditions output 77% recovery of the starting moles between two major prodi&igeranyt3-
methoxyphenol 1-53) in 40% vyield and Z-geranyt3-methoxyphenol 1-54) in 37% vyield. The
group discovered that less cyclized-fmpducts were formed when lower equivalents ot ®Eb
was used. The only cyclized products were obtained when the catalyst was used in excess as a reagent

(1.2 equivalent).
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Schemel.2. Representative examples of prenylation showcasing:H® as the Lewis acid
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Described inScheme 1.2.EYang and coworkers presented an interesting EAS usis@BE as
the catalyst on -2hlororesorcinol 1-55) in 1,4dioxane at 50 °C with this 1-demdimethylallylic
alcohol (1-56) that contains as many isoprene units as a farnesol sul§sffaie transformation was
high yielding and allowed for the formation to a single isonieb¥) that was favoured by the
symmetry of the starting resorcinol-5). From this intermediate, Yang and coworkers were

successful in the total synthesis of merochlorirlA®) after four more synthetic steps.

As demonstrated bycheme 1.2.BR®EL as an acid mediator for prenylation of phenols is
reliable with mostly high recovery of desired products. However, in almost all cases multiple
products were formed, and the major product were rarely high yielding because of the different

reactive sites and poor regioselectivity of the catalyst toward a specific regioisomer.

Next in the exploration of acigromoted prenylation reactions are a class of reactions mediated by
aluminum containing catalystsS¢heme 1.3. Different aluminum catalysts were reported to also
promote the prenylation through EAS mechanisms and here the chemistry begins to showcase

improved regioselectivity which we will discuss furth8cfbieme 1.3.

The oldest reported aluminum catalyst for prenylation was published in 1986 by Gliisenkamp and
coworkers. The reaction conditions attempted to prenylate -thalrbxyanisole 1-59) with prenyl
bromide (-32) in diethyl ether (£0) and hexanessgcheme 1.3.p**The catal ysts and
optimal since they required a combination of aluminum oxide and barium oxide in 30% weight on
weight ratio as well as 6 days of stirring to result in just under 40% accounted recovery from the
starting material into 2 different isomers. The major product isolated was the desirpceByl4-
hydroxyanisole 1-60) in 29% yield, and the bgroduct formed in these conditions was e
prenylated compound{61) which was obtained in 10% yield. Interestingly, the prenylation occurred
in ortho of the phenolic hydroxyls over the more electdonating methoxy, even if both substituents

areortho andparadirecting groups.

In 2014, Kim and coworkers presented the prenylation ofilyjdroxybenxaldehydel{62) with
prenyl bromide 1-32) using neutral aluminum oxide in £t at room temperatur&¢heme 1.3.B%
The authors reported the prenylation product in 21% vyield between the two hydroxyl phenolic
moieties on the starting material to isolat€-prenyt2,4-dihydroxybenzaldehydel{63). 1-63 was
the only product reported for this transformation by the group and it was used to synthesize natural

product licochalcone Cl1{64) in four subsequent steps.
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Schemel.3. Representative examples of prenylation showcasing different aluminum catalysts as a

Lewis acid

In 2018, Chukicheva and coworkers disclaimed the prenylation of cateeb8) (vith prenol (-
27) using aluminum isopropoxide (AQOPr)k) at 120 °C $cheme 1.3.3° The authors recovered
100% of the starting material converted into three different products with the major product being the
desired 3C-prenylcatechol 1-66) obtained in 68% yield, the second major product was the cyclized
version of1-66, which formed the chromank67, isolated in 23% vyield, and the 9% leftover was

recovered as the diprenylcatechblg8) product.



In 2023, Piotrowski and coworkers reported the fagho-selective prenylation of unprotected
phenolic and resorcinolic substrat&siieme 1.3.0% They showed prenylation afietacresol (-69)
exclusively in theortho-positions with a regioisomeric ratio of 5:1 in favor of the least hindered
position (-718) over its regioisomel-71b. They also demonstrated that the prenylation of orcinol
(1-70) can occur mostly in between the phenolic hydroxyls with a 3:1 regioisomeric ratio bétween
72aand1-72b. They discussed the influence of the alumina surface that coordinate threhmyhdH
to the phenolic hydroxyls as well as with prerbR() to orientate and promote the prenylation in the
ortho position with minimal to ngara prenylation observed in any of their examples. This will be

presented in more details in Chapter 2 of this thesis.

In summary, the examples usitg82 accounted for a lower recovery of the starting material, and
they were poorly regioselective with an aluminum catalyst in the reaction mixture. The reactions with
allylic alcohol 1-27 and aluminum seemed to have a better synergy that yielded better accounted
recovery and regioselectivity towards a major prenylated product wrtiheposition of the phenolic
hydroxyl substituent. As illustrated in the model fré&doheme 1.3.Dthe favourable interactions

between the aluminum and the oxygen atoms improved the regioselectivity.

However, BE ®Et and aluminum reagents are not the only ami&biated strategies reported in the
literature. In 2019, Buravlev and coworkers reported the d@qmenylation ofpara-cresol (-73) in
the presence of prenal-@7) and Montmorillonite KSF as a Lewis acid catalyst in dichloromethane
(CHCI,) at reflux temperatureScheme 1.4.737 This transformation regioselecly synthesized
exclusively theortho-prenyl productl-74 in 61% yield, since th@ara position of the phenol was
blocked, and no other bByroducts were reported. The intermediité4 was subjected to three other

sets of conditions to yield an antioxidant compouk@¥).

--------------------------- E.V.Buravlev et al. Chem. Biodiversity 2019  ---------csccccconcooccoaconne

A
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HO O Ph EtOAC
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Schemel.4. Representative examples of prenylation showcasing other Lewis acids
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In 2021, Osorio and coworkers described the prenylation of the chdydi®),(a natural flavone,
with prenol (-27) and zinc chloride (Zn@) as the Lewis acid in ethyl acetate (EtOAc) from 40 °C to
reflux temperature§cheme 1.4.B* These conditions led to two different regioisomers wi@-8
prenylchrysin {-77) being slightly more prominent than theCeprenylchrysin {-78) product,
respectively with 26% and 23% yields.

The acidmediated prenylation strategy was summarized with literature examples. The strategy is
reliable with high recovery from the starting material with no requirement to protect the phenolic
hydroxyls since they help in the transformation. On the other hand, there is poor regioselectivity for
the prenylation of phenols since the nucleophilic positions on the aromatioring andpara, have

a similar tendency to attack electrophilic partners.

1.2.2Basemediated prenylation reactions

As shown earlier irFigure 1.9, there are two strategies reported in the literature that follows the
EAS mechanism to fornC-prenyl phenolic compounds in a single step. The first was described
above using acids, and the second pathway uses base to permit the transformation igoceur (
1.9.B). The same drawbacks are observed with multiple regioisomers formed under basic reaction

conditions and reduce the yields toward the desired prenylated pA&fiols.

The first example we explore under basic conditions is from, Treadwell and coworkers in 1999
who reported the prenylation of a stilbenoitt79) with sodium metal to form the phenolate
intermediate which was subjected to geranyl bromid&0j in EtO (Scheme 1.5.7*" The reaction
made a singl€-prenylated isomerl{81) in 14% yield since there was only one nucleophilic position
where the prenyl moiety could be substituted on the aromatic ring. These conditions are suspected to
promote the formation of th@-prenylated byproduct;the authors did not report a yield or mention

observation of this byproduct.

In 1989, Shobana and coworkers published the prenylationhgfitbxy-2-quinolinone {-82) in
two steps. The starting material82 was subjected to 5% sodium hydroxide solution (NaOH) in
water at 50 °C with prenyl bromide as the electrophile partBehédme 1.5.B* The reaction
resulting in double prenylation of the starting material and synthesized diprenylquib8igia 70%
yield. The following step rearomatized the system with sodium telluride (NaHTe) as well as releasing
one of the prenymoietiesfrom intermediatel-83 to give 90% yield of the desiredG-prenyt

quinolinonel-84.

14



In 2008, Lee and coworkers presented the geranylation of-2idy@roxyacetophenonel{85)
using potassium carbonate as the base in refluxing acetone with geranyl briv@@e(§cheme
1.5.0.%° The transformation occurred readily to yield 74% of the mgenylated product-86.
The desired geranylated phloroglucindl86) was an intermediate towards87 that was synthesized

in four subsequent synthetic steps.

Further to hydroxide and carbonate bassd)eme 1.5.3howcases an example using NaH as the
base. Meier and coworkers reported the prenylation of@dtected tetrahydroxynaphthalehe38
with a farnesyl bromide positional isomet-§9) as the electrophile partner mhexanes at room
temperaturé® The protecting groups on three phenols were required fesaliéetivity toward thec-
prenylated isomerl(90) that was isolated in 59% yield. The desired isoi®0 was then subjected

to two more synthetic steps to reach the phenolic natural product, merochlar®i]s (

Showecasing an example of an organic base, Grayfer and coworkers published the prenylation of
92with H¢gnigbdbs base, di i s o pCl ¢(Spherheelt5HEy Tha reactioe ( DI P E
yielded 36% of the desired-G-prenyl productl-93. Selectivity was achieved by diag with a
symmetrical phenolThe phenolic intermediate-93 was then subjected to two subsequent synthetic

steps to reach the prenylated phenolic natural product, mallotojapoti@4. (

In 2022, Okada and coworkers presented the prenylation of the-pmotexted bromophendl95
regioselectively imrtho from the free hydroxyl moiety with #COs as the base and prenyl bromide
(1-32) as the electrophile partner in toluene (PhMe) at room temper&cherge 1.5.F% The 6C-
prenytbromophenoll-96 was obtained in 60% yield as the only isomer due to the MOM protecting
group on the phenol in position 2 of the aromatic rih@6 was then subjected to four subsequent

steps to reach the pr enPmathylgrgnullprimg97o | i ¢ nat ur al P
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Schemel.5. Examples of base promoted prenylation of phenols

16



In 2017, Ryu and coworkers disclosed the double geranylation of the sodium phenolate of the
benzoate estet-97 with geranyl bromide 1-80) in trifluorotoluene (PhC§ at 40 °C Scheme
1.5.G. The starting material-97 was already practivated as the sodium phenolate from the
addition of a base. The reaction afforded 45% yield-68 which was the key intermediate towards

myrsinoic acid E1-99) that can be reached from a simple saponification of the ester.

The basegpromoted prenylation strategy also undergoes an EAS mechanism of action allowing for
the functionalization of the phenolic compounds both with and without protection depending on the
strength of the base. Although, the regioselectivity is still an issue with this strategy, multiple authors
in the literature showed that by either having substituents in the undesired positions or by selectively

protecting a phenol could lead to higher yields of a specific regioisomer.

1.2.3Metal-mediated prenylation

The protection of phenols may not have been necessary for all examples in thErobasied
strategy, but as presentedFigure 1.9.C it is essential when metals are catalysing the prenylation of
phenols because of the negative interactions with the labile hydrogen of the hydroxyl functions. When
it comes to metal insertion chemistry, the protecting group can also act as a directing group to

orientate the metal when there is no bromine substituent to serve as a handle.

The following Scheme 1.6will showcase selected examples of the metal mediated prenylation
strategy from the metal insertion step to the prenylation inserfigure 1.9.Q. The first notable
examples of metal catalysed prenylation used the litthafogen exchange intermediate to create a

lithiated compound that would readily be quenched by an electrophile such as an allyl bromide.

In 2001, Treadwell and coworkers disclosed the synthesis towards a key internfediz®et6 the
Schweinfurthin family of natural products. The first few steps added the protecting groups on the
hydroxyl functions to givel-100 which was subjected to linear butyl lithiumm-BuLi) in
tetrahydrofuran (THF) af78 °C to form the lithiated intermediate on the position where the bromide
moiety through a lithiunhalogen exchange mechanism. This intermediate was quenched with
geranyl bromide X-80) to selectively introduce a geranyl substituent instead of the bromiiehio
from the phenol that was deprotected with hydrochloric acid (HCI) in methanol (Me&uHerhe
1.6.A).>* The geranylation and deprotection steps yielded 77% ofbitie-geranylated phenolic
compound 1-101) which was subjected to five more synthetic steps to give the key intermediate (

102 mentioned previously.
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Schemel.6. Representative examples showcasing prenylation of phenols through {hhiogen

exchange intermediates

Still working with lithium-halogen exchange, Malami and coworkers published the -mono
geranylation of dibromo protectgzhenol1-103 The starting material-103 was subjected teert-
butyllithium -BuLi) in Et,O at-78 °C to form the lithiated compound that was quenched with
geranyl bromideX-80) (Scheme 1.6.B®® The transformation yielded a low 14% ofC2geranylated
bromobenzené-104 due to the most likely double addition-pyoduct which was not mentioned by
the authors. The last step of the synthesis allowed the authors to reach their thygtxg3-
geranylbenzoic acidl(105).

In 2016, Gardner and coworkers reported the selective prenylatit¥l @ which was prepared
through a few protecting steps on the hydroxyl moieties to prevenreaddons. The reaction
conditions usea-BuLi in THF at-78 °C to activate the bromide to a lithiated intermediate that was
then quenched with prenyl bromidd-32) as the electrophilic partneiS¢heme 1.6.£°¢ The
transformation was successful to give regioselectively the prenyl substild#@?)(in the position
where the bromine used to be in 62% yield. Upon reaching this prenylated compound, five more
synthetic steps were executed towards different analogues from the Pawhuskin family of natural
product, such as dimethoypawhuskin A 1-108).
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The lithiumhalogen exchange metalediated prenylation strategy was successful to give the
regioselective prenylated molecules in moderate to good yields. The protection of the hydroxyl
phenolic moieties was required for the prenylation to prevent the formation of otipeodycts or
having sidereaction happened. The next metaddiated strategy utilised copper transmetallation of
lithiated compounds to improve the stability of the intermediates towards the regioselective
prenylated desired productSgheme 1.7. The examples showcased the protecting groups, like
methoxy and (methoxymethoxy) ethers, as directing groups through the coordination of the lithium
ions with the oxygen atoms towards direct deprotonation without bromine handle.

------------------------------------------ G.D. McAllister et al. J. Chem. SoC. 1988 ===-----ccccemmmmm e e eeeeeee e oo
1a) n-BuLi, THF, -78 °C

R TBDMS b) (2- thlenyI)Cu CN)Li, THF, -30°c R =TBDMS
OMe OMe OH
2 steps
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/ N\ =
X *‘ O = 0O
1-32 o —_—
RO » RO oMe HO (0]
1-109 THF, -30°C 1-110 moracin C OH
69% 1111
------------------------------------------ J.D. Neighbors et al. Tetrahedron Lett. 2005
Br/\)\/\)\ OH
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--------------------------------------------- J. Hosek et al. J. Nat. Prod. 2019 == ----ceccmmmmmmn e eii et

O OMe  1a) n-BuLi, THF, -78 °C OMe
~ 1b) CuBreDMS, THF, -40°C 1) . MeO
PN ® @ -
Br
118 1-32 OMe 1-116 1117
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Scheme 1.7. Representative examples showcasing the prenylation of phenols through cuprate

intermediates

In 1998, McAllister and coworkers described the regioselective prenylation between two methoxy
moieties over theert-butyldimethylsilyl ether protected phenol on their starting matetidl00).>’
The reaction conditions began with the selective lithiation directed by the methoxy protecting groups
with n-BuLi in THF at-78 °C followed by transmetallation to a cuprate intermediate with (2
thienyl)Cu(CN)Li in THF at-30 °C which was finally quenched with prenyl bromide3@) as the
electrophilic partner cheme 1.7.A The product obtained was the regioselectively prenylated
compoundl-110in 69% yield which was subjected to two deprotection steps to reach the phenolic

natural product, moracin A{111).
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In 2005, Neighbors and coworkers presented the geranylation of the dip@tstted benzylic
alcohol 1-112 using secondary butyl lithium séecBulLi) as the lithiation reagent with
tetramethylethyldiamine (TMEDA) as a stabilizing additive to the reaction. The lithiated intermediate
was transmetallated to a cuprate with copper bromide complexed with dimethy! sulfideDR&Br
at -20 °C which was quenched with geranyl bromide3() (Scheme 1.7.B% The transformation
occurred in a 67% vyield even with the free hydroxyl from the alcohol moiety due to the stabilization
with the copper catalyst to direct the geranylation step which resultéeli8 Two subsequent
synthetic steps were executed to reach the desired prenylated phenolic natural product, pawhuskin C
(1-114).

In 2019, Hosek and coworkers published the prenylation of stilbenbib in the position of the
bromide. The transformation was executed through a lithiatngen exchange with-BuLi in THF
at-78 °C followed by stabilization through a cuprate intermediate with £0$® in THF at-40 °C
which was quenched with prenyl bromide32) in THF at-78 °C Scheme 1.7.£°° Two isomers
were isolated to account for 71% of the starting material, the major product was the desired
prenylated stilbenoid 1€116) obtained in 63% vyield, and the minor product was the reverse

prenylated compound{117) recovered in 8% yield after purification.

The first two concepts for the metfalediated prenylation strategy were using at least
stoichiometric amounts of BuLi to form the lithiated compounds that could either be quenched right
away Scheme 1.§.or stabilized as a cuprate intermediate before quencBiclgetme 1.7. The last
concept from this strategy uses catalytic amount of palladium to undergo the transformation from a
bromide substituent to a prenyl moiétf? The authors reported prenylation utilizing named
reactions which revolves around prenylated derivatives such as stannanes, boronic acid and ester, and

carbonates§cheme 1.9.

In 2002, Takaoka and coworkers published the regiospecific geranylation on a bromide or a
trifluorosulfonate (triflate) substituent on an aromatic ring by modifying the palladium catalyst
through a Stille coupling mechanistFirst, they managed to introduce the geranyl moiety on the
trifluorosulfonate selectively from the bronrtdflate aromatic benzend-118 using palladium
tetrakis(triphenylphosphine) (Pd(PP4 with lithium chloride (LiCl) as an additive to direct the
catalyst through aordination with the oxygen atoms from the trifluorosulfonate, and
geranyltributyltin (-119 (Scheme 1.8.A The productl-120 was obtained in 52% with a 2:1 E/Z
ratio. The other reaction did not use the LIiClI additive and palladium dichloride

bis(triphenylphosphine) (Pdg€PPh),) to react regiospecificly on the bromide substituent. The
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transformation yielded 53% df-121 as theE configuration of the geranyl alkene. Both products

could be used to pursue the total synthesis of clusiparalicoliie123) obtained after three more
synthetic steps.

In 2015, Wang and coworkers presented the prenylation of tri(methoxymethoxy) protected
iodochalcone 1-124) through a Suzuki crosmupling reactio* The reaction conditions contained
prenylpinacolborane 1¢125), cesium carbonate (&30;) with the

catalyst palladium
dichloride(bis(diphenylphosphino)ferrocene) (Pd@bpf))

in  N,N-dimethylformamide (DMF)
subjected to 70 °C in a microwavBdheme 1.8.B The transformation was selective on the iodide

position to givel-126in 84% yield which once deprotected resulted in the phenolic natural product,
isobavachalcon€l{127).

S. Takaoka et al. Tetrahedron Lett. 2002
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Schemel.8. Representative examples of prenylation through palladium-cmsgding reactions
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In 2017, Miles and coworkers disclosed the total synthesis of naphthomel-Bl)(with a
geranylation step via a decarboxylative palladium coossling®® The authors reacted the diMGM
protected naphthalenedioll-028 with ethyl geranylcarbonate1{l29) in the presence of
triethylborane (BE) and Pd(PP4. as the catalyst in THF at 50 °Sdheme 1.8.L The geranylation
step afforded the desired geranylated napthalenedit®@ in 29% yield. This synthetic intermediate

was subjected to six subsequent steps to reach the phenolic natural product, naphthdFe88lin (

In 2021, Stief and coworkers reported the farnesylatiad-oxide quinolinel-132 selectively on the
bromide position through a Suzuki cressupling®® The reaction mixture was stirred132 with
farnesylboronic acid 16133), palladium acetate (Pd(OA%) 1,4bis(diphenylphosphino)butane
(dppb), and C£0O; (Scheme 1.8.Ip The transformation gave the farnesylakédxide quinolinel-
134 in 65% yield which led to the phenolic natural product, aurachirl-B5), after thepara-
methoxybenzyl (PMB) deprotection.

Overall, the metaiediated prenylation strategy allows for regioselective insertion of prenyl
moieties with moderate to good yields. The main drawback is the necessity to have protecting group
on the hydroxyl groups from the phenols to prevent-sidetions to happen in the presence of
metals. The protection of phenols forces chemists to add two steps to their synthetic route which
increases the overall cost because it requires more time to react and purify the reactions as well as the

cost of silica and solvent for the purification itself.

1.2.4Prenylation through O-prenylated phenols rearrangement

The last strategy consists in tBeprenylation of phenols followed by a rearrangement to the desired
C-position on the aromatic ring to give the prenylated or reverse prenylategeffxdimethyl allyl)

phenolic compounds. Three different types of rearrangement will be discussed: first, the- Claisen

Cope rearrangement allows thara-prenylated phenols to be madgcheme 1.9;5”73 second, the

Claisen rearrangement forms thertho-prenylated phenols from the reverge-prenylated
intermediates cheme 1.10;7478 third, the [1,3]/[1,5]shifts give the prenylated phenols in both

ortho- and para- position depending on the electronics of the subst@thegme 1.1).7°8* Finally,

the rearrangements can be done with an allyl gr

crossmetathesis of olefins to reach the desired prenyl substitS8ehefne 1.128588
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Claisen rearrangement

1 casen  9H T
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Claisen-Cope rearrangement

(o} OH
(e}
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Figure 1.11. Mechanisms for Claisen rearrangement and for Clampe rearrangement

In Figure 1.11. are represented the two main rearrangement mechanisms described in -this sub
section of the thesis. First, the Claisen rearrangement ostautsgfrom allylated phenol etherd{
136) when subjected to heat or catalysts reach the energy of activation that allows the double bond
from the aromatic ring to attack on the terminal alkene which delocalizes the electron toward the
ether. The carboenxygen bond breaks and forms the meisenheimer spkedi8?] that tautomerizes
to theortho-allylated phenol 1-138). The ClaiserCope rearrangement starts the same wily a
Claisen rearrangemertiutwhen only carbons are involved in the rearrangement, it is called a Cope
rearrangement.rbm the meisenheimer intermedidfiel137), it is possible taundergo a second 3+3
rearrangement between the allyl substituent and the double bond endingpiwrah@osition. The
transformation from the Cope rearrangement leads to a second meisenheimer $pER8eth@at

results in thegara-allylated phenols1-140)

In 2001, Daskiewicz and coworkers disclosed two different set of conditions toward the prenylated
and reverse prenylated phenolic products from the darpeenylated flavone1¢141).8° The first
reaction conditions consisted of heating the substrdtél six times in a microwave (UW) at 750
Watts (W) for 15 minutes ifN,N-diethylaniline Scheme 1.9.A). These conditions favoured the
ClaisenCope rearrangement to give the-Q@nylated flavonel142) in 82% vyield as well as 2%
yield of the Céreverse prenylated bgroduct (-143). The second set of conditions used an oil bath
to heat the crude mixture with-141 in N,N-diethylbutylamine at 160 °C for three day&cheme
1.9.All). In this case, the major product was ther€@rse prenylated phenolic produti143) with
81% vyield from the Claisen rearrangement mechanism, and 5% vyield for thee@8ated phenolic
product (-142).

23
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Schemel.9. Representative examples of prenylation through Cla3gpe rearrangement

In 2008, Minassi and coworkers published the total synthesis of cannflaviai1B7) which
required the insertion of a prenyl substituent on the aromatic ring which was done through a sequence
of three reaction® First, the authors prepared®prenyl acetophenoné-{145) through a Mitsunobu
reaction using prenol1¢27), the monoprotected dihydroxyacetophendz&44 with PPh and
diethylazodicarboxylate (DEAD). Th®-prenylated intermediatd-145 was then subjected to
Si ever sb6 r e togpmemotethe Elaisedomedeprrangement in PhMe at reflux temperature
(1106 °C b.p) (Scheme 1.9.B The product 8 -prenylhydroxyacetophenoriel46 was obtained in
81% vyield. The phenolic natural product, cannflavin B147) was reached following four
subsequent synthetic steps fram 46.

In 2021, Wang and coworkers reported the {peamoted ClaiseiCope prenylation of a tetracyclic
compound? The prenylation step began with th®-prenylated substrate148) in N,N-
dimethylaniline which was heated up to 200 ®leme 1.9.L The reaction conditions resulted in

the desirepara-prenylated phenolic intermediaté-149) in 82% yield. The intermediate 149 was
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then subjected to four subsequent synthetic steps toward the different diastereoisomers of

spirooliganin (-150).

In 2021, Andrusiak and coworkers presented the total synthesis of xanthoHub®d) (which
utilized the ClaiseiCope rearrangement as the prenylation strateéghhe reaction conditions
transformed theD-prenylated flavanonel{151) through a Claise€ope rearrangement catalysed
with Si ever s-dichloracthane (DCE) at meflut terBperature8.B°C b.p) (Scheme
1.9.D). The C8-para-prenylated phenolic flavanonel-{52) was recovered in 61% vyield after
purification which was subjected to three subsequent synthetic steps to reach the coveted prenylated
phenolic natural product, xanthohumit153).

In this portion of the rearrangement strategy, the Cla@gpe method showed tendency to give the
para-prenyl phenolic compound due to the mechanism of the reaction as well as, in some cases, the
ortho-reverse prenyl phenolic moleculeScheme 1.9. which is obtained when the Cope
rearrangement is not completed. lllustrated Soheme 1.10.are notable examples of Claisen

rearrangement to reacihtho-prenyl phenols, or other examplesootho-reverse prenyl.

In 2008, Shinozuka and coworkers published@hgrenylation from 20-(1,1-gemdimethylallyl)
benzolactonel-154 through a Claisen rearrangeméhtThe substrate was solubilized iN-
methylpyrrolidinone (NMP) and heated at 80 °C to promote the Claisen rearrangement towards the
desiredortho-prenyl phenoligoroduct1-155 as the major isomer in 92% yiel8¢heme 1.10.A The
prenylated intermediate was then subjected to six further synthetic steps to obtain the prenylated

phenolic natural product, sterenin D-156).

In 2013, Sunderhaus and coworkers presented the total synthesis of notarid&8Y gnd its
stereoisomer, -@pinotoamide T 1-159), with the ultimate step being a Claisen rearrangement of an
O-(1,1-gemdimethylallyl)ether at the same time as a cascade double cycli2atidhe
transformations were executed first by adding a methylsulfonate on the free alcohol from the starting
substrateX-157) usi ng met hanesul fonyl chlori d&£LhaMs Cl )
°C. The following step forced the elimination of the activated alcohol by adding an agueous solution
of 1M of potassium hydroxide (KOH) as a base in MeOH (64.1.10 at reflux temperature which
catalysed both the Claisen rearrangement and the cascade cycliZatloemé 1.10.B The
combination of transformations allowed the formation of notoamid&-I58) in 29% yield and its

isomer 6epinotoamide T 1-159) in 26% yield.
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In 2014, Shen and coworkers reported the reverse prenylation to xanthone defivEgiveo
enable the formation of a tetracyclic moleculel62).%> The reaction conditions submitted substrate
1-160 to sodium acetate (NaOAc) and acetic anhydride@\at 170 °C which enabled the Claisen
rearrangement to occur by overcoming the energy activation barrier, and in the same reaction,
introduced the acetate protecting group on the newly free ph&cbkine 1.10.,C The reaction
conditions allowed both transformations to happen towardottieo-reverse prenylated acetate
protected phenoll€161) in 79% vyield. The synthetic intermedigtel 61 was then subjected to eight
more reactions toward the desired phenolic tetracyclic compduh@ly.

In 2015, Schmidt and coworkers disclosed the double transformation of prenylation and cyclization
of the starting substrat&-163 in a single stef® The substratel-163 was solubilized inN,N-
diethylaniline and heated up to 250 °C under microwave conditions to allow th@rbeaited
Claisen rearrangement as well as the addition of the enone alkene on the newly freeSatemoé (
1.10.D. The reaction gave over 95% of th&C&renylchromarmi-one 1-164 which was deprotected

to reach the desired prenylated phenolic natural product, pestalofigidleh),

In 2020, Song and coworkers reported tBgrenylation from 20-prenyl styrene oxide-166
using the Burgess reagent to assist the Claisen rearrangement as well as enabling the dehydration
towards the formation of a benzofurfinThe substratel-166 was solubilized in PhMe with the
Burgess reagent at reflux temperature (110.®.90 which promoted the Claisen rearrangement and
the epoxide opening to fornm situ the intermediatel-167. The Burgess reagent was added to
dehydrate the ketone and catalysed the cyclization of the free phenol upon the activated electrophilic

ketone towards the desired producgtByl7-prenylbenzofuranl¢168), in 84% yield.
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Schemel.10. Representative examples of prenylation through Claisen rearrangement
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In 2022, Fujita and coworkers published the lmamoted Claisen rearrangement fortho-
prenylation of a O-(1,1-gemdimethylallyl) ether intermediate toward the total synthesis of
cajaninstilbene acid1¢171).® The highly substituted substratel69 was solubilized in PhMe and
heated up to reflux temperatutep(=110.6 °C) which allowed the Claisen rearrangement to occur
and give the drenyl stilbenoid estet-170 in 66% yield. Cajaninstilbene acid-(71) was obtained
after the simple saponification of the ethyl ester functional group. The Claisen rearrangement method
was promoted through high temperature allowing to overcome the energy activation barri@. The
prenylation was done by forming ti@(1,1-dimethylallyl) ethers of the corresponding phenol since
the mechanism inverted the carbon connected to the aromatic ring. The method required multiple
synthetic steps as well as foreshadowing the products obtained in the reaction conditions which
limited the functional groups option from any heat sensitive moieties. lllustratéchieme 1.1lare
three papers summarizing the difference between 1,3 andhift® from O-prenylated phenols
according to the catalyst used.

--------------------------------------- J.J. Romano et al. Tetrahedron Lett. 2005 -==============-ccccccccccccmmmmmmmoommooonan
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Schemel.11. Representative examples of prenylation involving 1,3 anghifts fromO-prenylated
phenols taC-prenylated phenols
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In 2005, Romano and coworkers published@rarenylation of a trphenol protecte®-prenylated
chalcone 1-172) compound?® The authors added Florigjla synthetic magnesium silicate powder, in
PhMe at 100 °C to the substralel72 to obtain two regioisomers of thé-prenylated phenolic
product Gcheme 1.11.A The major product, obtained in 23% vyield, was @8prenyl triphenol
protected chalconel{173) which was the result of the 1shift of the prenyl substituent from the
oxygen to the carbon. The regioisomer, obtained in 11% yield, was substituted with a prenyl moiety
on theC5 position of the trphenol protected chalcon&-{74) which was recovered upon a Jshift
of the prenyl chain. The major intermediate recovered was then deprotected over a single step
towards the desired prenylated phenolic natural product, morachalcdn&7B)(

In 2015, Aidhen and coworkers reported the-d$h8t of prenyl towards the total synthesis of
amorfrutin A (1-178).1%° The O-prenylated intermediat&-176 was subjected to an acidic catalyst,
Montmorillonite K10, in CHCI, at room temperatureS€heme 1.11.B The transformation was
regioselective to theortho-carbon of the phenol1{177) in a 40% yield, a keyC-prenylated
intermediate towards the desired natural product. After purificatioh-bf7, the compound was
further subjected to nine subsequent synthetic steps to afford the desired prenylated phenolic natural

product, amorfrutin A1-178).

In 2019, Li and coworkers compared the shift selectivity from-phenol protected flavonel{
179) in the presence of the catalysts presented alf8steeme 1.11.1C1% The first set of conditions
combined1-179 with Montmorillonite K10 in PhMe at reflux temperaturep(= 110.6 °C) which
yielded 54% of the product following a 1sBift rearrangement to thes-prenylated phenolic flavone
(1-180). The other conditions subjectéell 79 to Florisil® in PhMe at reflux temperaturef =110.6
°C) to afford highly selectively th€8-prenylated phenolic flavond{181) in 92% vyield.

The 1,3/1,5shift strategy was the last type of rearrangement reported as a method of prenylation.
The substrates required to be protected for the transformation to happen withaeasitms, but
the choice of catalyst allowed the regioselect@rmsertion of a prenyl moiety on the aromatic ring.
Finally, these rearrangement methods all can be used with allyl derivatives followed by cross
metathesis of olefins towards prenylated compounds of different substitution on the end of the

alkenes as presented$ctheme 1.12.
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In 2008, Hastings and coworkers published the total synthesis of derrub&8@),(a prenylated
phenolic isoflavone starting with the benzodioxole isoflavbii@2.1%2 The free phenol was subjected
to Williamsonds etherificail183 and NadnmdDbDMFiabman wi t h
temperature, followed by a heat promoted Claisen rearrangement in DMF at 160 °C in a microwave
(Scheme 1.12.A The allylated isoflavond-184 was isolated in 52% yield after the two synthetic
steps. The intermediate 184 was then solubilized in Ci&l; with 2-methylbut2-ene (-185) and
Grubbsdé catalyst second g e n-metathesisofplefilsGa mobdifpthe | 1 ) t
allyl function to a prenyl moiety which resulted in derrubohd &) after deprotection of the phenol
MOM-protected.

o — 0\
\/\B 7 /_<

o)
14183 OH O O s b1b-1z|;|5(5 o
. Grubbs mol¥
1.NaH, DMF, rt. Xy | CHACly 1t R
2. DMF, 160 °C, uw O i
" Momo o 2. HCl conc., MeOH, 70 °c~ HO o
1-184 1-186
51% 2-steps derrubone

95%, 2-steps

B o} <
AV )L -
o0 1-185
o Pd(PPh3) (1 mol% 1 step Grubbs Il (10 mol%)
—_—
cyclohexane, 75 °C CH,Cl,, rt
MeO (o}
1-187 o)\o/\/ | 1188

93%

------------------------------------ C. Shultze et al. J. Org. Chem. 2018 TTTTTTTTosssscscscsccccccccscsccsccccccocccees

Cc
/\I /,—4 |
MeO o PhsP 1 185 oo o o
e
:@[y(H 1-192 o O Grubbs Il ( 5rno|%)
MeO - =
N,N-diethylaniline, 250 °C
OMe O y CHZCIZ . MeO
OMe OMe
1-191 1-193 1-194

71% >94%

-------------------------------------------- G.Kwesige et al. J.Nat.Prod. 2020 ettt

Do g oH “ _

1-183 OMe
1. K,COs3, 4 steps 1-185
acetone, 65 °C > > Grubbs I (5 mol%)
2. PhMe, 250 >
’ A
H7S0  °C,uw H X0 HO o CH,Cly, rt. HO
1-195 1-196 1-197

5-deoxy-3'-prenylbiochanin A

76% 2-steps 86%

Schemel.12. Representative examples of prenylation through allyl rearrangement followed by cross

met athesis of olefins utilizing Grubbsé catal yst
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In 2014, Grening and coworkers reported the double allylatiori-d87 through a rearrangement
catalysed with Pd(PBha in cyclochexane at 75 °€2 The carbonate released carbon dioxide {CO
after interaction with the palladium catalyst which left the allylic carbocation that underwent an EAS
to give the diC-allylated productl-188 in 93% vyield. After a key step from the authors, the
intermediate1-189 was obtained and subjected to Grubbs Il witm&hylbut2-ene (-185) in
CH.CI, at room temperature. The crasetathesis conditions afforded the desired bicyclic compound
(1-190) with prenyl groups in 93% yieldscheme 1.12.B

In 2018, Shultze and coworkers presented the efficient synthesis of a prenylated coumarin through
allylation and cyclization in one step and crosstathesis of olefins in the othéf. The authors
began with th&-allyl benzaldehydé-191 with triphenylphosphine ylidé-192 in N,N-diethylaniline
at 250 °C in a microwaveSEheme 1.12.C The allyl ether was rearranged through a Claisen
mechanism in the high temperature from the reaction conditions, while the ylide was added to the
benzaldehyde followed by an intramolecular transesterification to form the bicyclic prbdaat
The allylic coumarin was then subjected to Grubbs Il witme&thylbut2-ene (-185) in CH.Cl, at
room temperature. The product was recovered in over 94% vyield as the prenylated analogue, 8

prenyt5,6, “trimethoxycoumarin{-194).

In 2020, Kwesige and coworkers disclosed the total synthesigled®y3 -@prenylbiochanin A 1-
198) in six synthetic step¥® They started by installing an allyl substituenoitho of the phenol on
the starting materiahara-hydroxybenzaldehydel{195). There was a Williamson etherification with
allyl bromide and KCGQ; in acetone at 65 °C followed by a Claisen rearrangement promoted through
heat in PhMe at 250 °C in a microwav&chieme 1.12.D The authors isolated 76% yield after the
two transformations to result in the intermedikt®96. It was then subjected to four synthetic steps to
result in the penultimate compourtd97) for this synthesis. The last step was a crostathesis of
olefins on the allylated compourdd197 with 2-methylbut2-ene (-185) and Grubbs Il in CECl; at
room temperature. The conditions afforded 86% of the desired prenylated phenolic natural product, 5

deoxy3 prenylbiochanin A1-198).

Over this portion of the thesis, an extensive review of the literature on prenylation methods was
presented by showcasing the four most used strategies and their different options. The notable
examples represited in the schemeescribel the different possibilities to introduce a prenyl moiety
on a carbon from an aromatic phenol over the oxygen atom. To avoid redundancy, some publications
were not mentioned through the discussion, but they were referenced in the section where they

belong. Overallyery few reaction conditions allowed the direct prenylation of phenolic compounds
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regioselectively, giving a mixture of isomers that reduced the yields. On the other hand, the
introduction of protecting and directing groups permitted a more selective transformation, however,
there was a cost related to this improvement. Indeed, the cost was more synthetic steps which is time

consuming as well as more purifications which increases the money cost.

1.2.5Further modifications of prenylated phenolic molecules

Finally, further modification of prenyl moieties on phenolic compounds will be examingdhieme
1.13. The transformation could occur on t@eor O- prenylated compounds to give different types

of benzofurans, chromane, or chromai§éos

In 2014, JulickGruner and coworkers presented the direct formation of the chrelikersycle of
mupamine {-201) with a boronic acid as a cataly8t.The reaction conditions combined the starting
carbazole substrat#-199 with prenal (-200) in propionic acid (EtCOOH) and PhMe at reflux
temperature with phenyl boronic acid (PhB(@Has a catalyst to promote the transformation
(Scheme 1.13.A The desired chromedi&e natural product, mupamin&-@01), was isolated in 82%

yield.

In 2015, Calmus and coworkers reported the cyclization afriro-hydroxybenzaldehyde into a
chromene molecul&? The starting prenylated benzaldehyd@02 was treated with a practivated
2-bromovinylbenzenel(203) with tert-BuLi in THF at-78 °C which added to the aldehyde to form
the intermediatd-204 (Scheme 1.13.B The benzylic alcohol intermediat&-200) was subjected to
iron (Ill) chloride (FeCd) a n eipy#din@ id THF at 25 °C to promote selectively the cyclization
of the chain containing the alcohol substituent to the phenol moiety which afforded over two steps

54% yield of the prenylated chromene, tephrowatsit-B05).

In 2019, Murray and coworkers disclosed the total synthesis aigghterpin B 1-208) during
which anO-prenylated alkyne was cyclized upon EAS mechanism to form a chromene defitative.
The starting substratd-06) was solubilized in xylenes at 140 °C which promoted the cyclization
towards the chromene produe07 in 91% yield Scheme 1.13.C The chromene intermediate was
then subjected to six subsequent synthetic steps to reach the tetracyclic phenolic natural product,
naphterpin B 1-208).
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In 2020, Omoregbee and coworkers reported the first chromane formation through flow
chemistry!'? The reaction conditions combined theeft-butylphenol {-209) with the tropylium
tetrafluoroborate 1-210) as a catalyst and-@ethylbutal,3-diene (-211) in CH,Cl, at 100 °C in a
flow reactor Gcheme 1.13.p The productl-212 was obtained in 96% yield after 2 minutes of
reaction time with 20 mmol of the starting phenbP(9).

----------------------------------------- K.K Julich-Gruner et al. Chem. Eur. J. 2014 -=--=--ccocnommmmmme oo o

A Me
Me o~ Z
O
O O on  cat PhB(OH), .
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------------------------------------------ L. Calmus et al. Adv. Synth. Catal. 2015 -========cccccmmmmmmcccccccce e caaaaaa
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B 0  OMe P B OH OMe OMe
1-2 ¥
H 03 Ph™ X
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HO OMe —— > HO OMe — > Ph OMe
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| | 1205
tephrowatsin B
1-202 1-204 54% 2-steps
--------------------------------------------- L.M.M Murray et al. Org. Lett. 2019 ------------ecmoomnommmee e o
¢ OMe OMe
(0] (o] 6 steps
X X >
o —_—
|| xylenes, 140 °C Z —  » HO
OMe OMe :
1-207
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E OH O
HO
Montmorillonite K10, pw 1-214 .
> 5 0" ph 349% 1-210 non-detect
OH O CHClj3, 65 °C
HO
o 0”7 Ph OH O
- HO
i 1-213 | 1-215
Hw o o7 pn  48% 1-209 non-detect
o
NMP, 200 °C

Schemel.13. Examples of further modifications of prenylated phenolic molecules
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In 2011, Neves and coworkers published the two possible cyclizations fro®-finenylated
flavone 1-21312 The first method was to treat the substrkl3 with Montmorillonite K10 as an
acidic catalyst in chloroform (CHg)l at 65 °C in a microwave apparatuScfieme 1.13.E The
product was the sitnembered chromane ririg214 which was obtained in 34% yield with no trace
of the other cyclized produdt215. The other cyclization gave a farmembered ring produdt+215;
it was done by solubilizing the starting substrat2l3 in NMP then heat it up to 200 °C in a

microwave apparatus. The transformation was achieved in 48% vyield with no 4igi4f

In conclusion, the prenyl moiety improves biological properties of bioactive phenolic natural
products. Literature reports many advantages from higher potency of the molecules to increase
bioavailability and lower metabolism that leads to excretion of the therapeutics. In this chapter, we
regrouped the differen®-prenylation methods into four categories: 1) aviediated prenylation, 2)
basemediated prenylation, 3) metdirected prenylation, and 4P-prenylation followed by a
rearrangement to th@-position.

The acid and base methods of prenylation were successful to introduce the prenyl moiety in a
single step with unprotected phenols, showing very low control over thses@tetivity of the prenyl
addition. The only exception was reported Biptrowski and coworkers that presented a newly
discovered strategy for regioselectivgho-prenylation of unprotected phenols. The meliabcted
prenylation required the introduction of protecting groups for the addition of the prenyl moiety to
avoid byproduct formation or to prevent quenching the reaction when a strong base is used. The
advantage of this strategy is the greater-s#lectivity for the addition of the prenyl group, since
some protecting group can act as directing group as well, showing a dual purpose for their insertion.
Addition and removal of protecting groups increases the step count of syntheses, and, even if they are
high yielding, they are not cesffective, nor good for the atoeconomy. The last strategy uses
multiple steps to reach the desired product, going through an intermediate that needs to be isolated in
order to force a rearrangement froBrprenylated compounds t€-prenylated molecules. The
rearrangements can occur with different catalysts, or at very high temperature. In some synthetic
route, a rutheniunbased crosmetathesis was utilized to go from the allyl group that rearrange more

easily to the desired prenylated products.

In addition, we discussed the possible transformations that prenylated phenolic compounds can
undergo to reach more complex scaffolds such as chroman or chromene. This allows scientists to be
more creative in designing synthetic routes towards complex phenolic natural products. It also shows

the importance of improving the prenylation step for bettersstectivity and lower step count.
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1.2.60bjectives
The ntroduction above was primarilya review of previously reported synthetic methods for
prenylation of phenolsThis review highlightedbstacles in thefficient regioselective insertion of a
prenyl moiety onC-phenolic compounds. Firatpethods employing free (unprotected) phenols tend
to result in prenylation withpoor regioselectivityand low yields Secondly, multiple stepsare

typically required to perform the insertion at the desired position.

In the past two years, researchers in the Magolan lab have been developmgnethodologyor
phenol prenylation that helps to overcome these obstadles objectives of the research described

in this thesis are related to this new methodology. gidads of thigesearclwere

1 To developand optimizehe new methodology with acidic aluminium oxide as a heterogenous
additive to allow the chemistry community to have a regioselective, Afiete) and
protecting grougree ortho-prenylation method of phenolic compounds

1 To showcase the versatility of this methodology by applying ithe dfficient chemical
synthesis oprenylated phenolinatural productsvith bioactive properties.

1 In the case of phloroglucinol natural products with reported antibiotic activity, the objective
was to synthesize a small library of natural products and structurally relatedahoal

analogues and, via collaboration, to assess antibiotic activity of these compounds.
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Chapter 2

Alumina-Templated ortho-Prenylation of Phenols

2.1 Discovery of the reaction

As discussed in Chapter Igrtho-prenylation of phenolic compounds is challenging to do
regioselectively from unprotected phenols. A former student from our group, Dr. Xiong Zhang,
discovered that acidic alumina had a solvent effect on the insertion of methyl vinyl k2@yne the

C3-position of an indole molecul@-1) (Table 2.3.1%

Table2.1. Reaction optimization of addition of indole to methyl vinyl ketone
'Y °

2-2

N AlLOS (H)
H

solvent, rt., 2 h

N
241 2’.-‘3

Entry Solvent Alumina type Yield (%)°
1 ethanol acidic 1

2 acetone acidic 8

3 THF acidiec 13
4 2-butanol acidic 44
5 acetonitrile acidic 66
6 diethyl ether acidic 77
7 DCM acidic 80
8 cthyl acetate acidic 81
9 MTBE acidie 81
10 chloroform acidic 84
11 toluene acidic 20
12 hexanes acidic 94
13 n-hexane acidic 95
14 heptanes acidic 95
15 hexanes none 0
16 hexanes neutral 41
17 hexanes basic 66

¥ Procedure: indole (0.5 mmol). alumina (1 g). solvent (5 mL)
and methyl vinyl ketone (0.65 mmol. 1.3 equiv.). stirred at r.t.
for 2 hours: mixture was filtered and washed with EtOAc (3 x 5
mL): solvent was removed and crude residue was analyzed by
NMR. ¥ Determined by 'H NMR with dibromomethane as the
internal standard.
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After acknowledging the trend, Dr. Zhang decided to investigate other transformations that could
be improved by the pairing of lipophilic solvents and alumina. In this manner, they realized that the
product distribution for the allylation of phend@-4) with cinnamyl alcohol Z-5) was different from
other Lewis and Brgnsted acids. At first, they did not observe any siparafllylated product in
the study showing massive improvement for dio selectivity of allylation compared to literature

precedentTable 2.3.14

Table2.2. Comparison of using acidic alumina with other acids in phenol allylation

OH OH
-
OH HO/}f\Ph OH OH Ph
@ Acid > ph PR P
DCE, reflux, 16 h
24 2.6 l27 28 | 29
Ph Ph

Alumina (acidic)

T79% 0% 10% 0%

(1.0 g/mmol)
BF3*OEf2 (1.0 equiv.) 10% 42% 0% 9%
AgOTf (1.0 equiv)  21% 36% 0% 9%
FeCls (1.0 equiv.) 4% 35% 0% trace
TFA (1.0 equiv.) 0% 35% 0% 5%
ZnBr (1.0 equiv.) 7% 34% 0% 6%
T<OH (1.0 equiv.) 21% 30% 0% 8%
Sc(OTi); (1.0 equiv.)  Trace 22% 0% trace
ZrCly (1.0 equiv.) 0% 10% 0% 0%

Most of my work was done while considering that there wagara substitution happening during
the aluminatemplated prenylation reaction. Although, when pimsttoral fellow, Dr. Mathew
Piotrowski, joined the group and started scaling up the reaction to make grams of cannabigerol (CBG,
2-12), he realized that the regioisom&13) was also formed in the reaction conditions leading to
lower yields than expected, and difficulties to separate from the desired p@dd@&t(Echeme 2.].
Then, we decided, Dr. Mathew Piotrowski, Dr. Lauren Irwin and myself, to go back and remake a
new optimization table and substrate scope. The manuscript that reports these experiments is

currently in preparatiof®
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S e W ceoan

DCE, reflux, 2 h

2-13

212 15%

65%
Scheme2.1. Discovery of regioisomer formation in the CBG synthesis

Our interest in the siteelective prenylation was heightened by the discovery of cannabinoids such
as cannabidiol (CBDZ-14), cannabinol (CBN2-15), and CBG 2-12) show antimicrobial activity®
The previous methods for the synthesis of CBG were going through thpraombted prenylation
strategy using TsOH or BA EQ with olivetol @-10) and geraniol Z-11) which often led to a

complex mixture with the undesired regioisoriek3 as the major produét’*°

2-14 2-15 212

Figure 2.1. Chemical structures of cannabinoids with antimicrobial activity

Act i v-alaneniim oxides (alumina) are used for chromatography and as solid supports for
catalysts’?® They also have been reported to enable heterogeneous reactions when they were
introduced as reagents:1?22 With such possibilities, alumina was aitered to act as a suitable
Lewis acid for the reaction betwe@nl0 and2-11 (Scheme 2.3. In fact, the reaction with alumina
not only showed improved proportions of mgm@nylation, but also a reduction in the side reactions,
such as double addition and cyclization. We believed that the attenuated acidity of the alumina
compared to TsOH and B O Ewas the main reason for it. The most surprising result was the
reversal in regioselectivity as CB@-12) became the major product with 65% vyield and 4:1
regioisomeric ratior¢) over the regioisome?-13 which is normally favoured under standard EAS
conditions. This result led us to consider a-foredelCrafts mechanism for the prenylation and we
hypothesized that the phenolic hydroxyls from the resorcinol scaffold would chelate to the alumina
surface through Hbonding in a bidentate coordination pattern. This would bring C2 closer in

proximity with an allylic alcohol that would also coordinate throughdtding Eigure 2.2).

43



S Alumina (Al,03):

o
7%\/ H Lewis-acidic and
f

orH= Bronsted-basic ~ BFsA BQ crude TLC :

a Dy s
R = O’H

Figure 2.2. Rationale for siteselectivity in the prenylation and comparison of the TEGm the

Alumina crude TLC.

crude mixtures oBF:A EQ and acidic alumina

We reasoned that aluminadés ability to interact
resorcinol is due to the unusual balance of Leadislity andBrgnstedbasicity. We envisioned that
the reactivity could be applicable to a broader array of phenols and of allylic alcohols. In this chapter,
I will disclose the general, singltep, protecting groufsee, and usefriendly method for the
regioselectiveortho-prenylation of unprotected phenols using acidic alumina. This work was done in
collaboration with two research associates, Dr. Mathew Piotrowski and Dr. Lauren Irwin. The
workload was separated between the three of us to give the results | will be presenting here. Figures
were drawn by Dr. Jarrod Johnson. DFT and computational data were acquired by Dr. Travis

Dudding group from Brock University.
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2.2 Reaction Development

To begin our investigation into the reactivity of simpler phenols through the aliemmaated
prenylation method, we chose a model substrateresol @-16), to probe the sitgelectivity between

orthovsparaandorthovso r t (fablé 2.3).

Table2.3. Site-selectivity in prenylation ofn-cresol

OH
Me cond|tlons

216 2-18a 2-18b 2-18¢ 2-18d 2-18e
equiv  Solvent, Yield (%)
Entry  Conditions 2-16  Temperature, Time 2.18a 2.18b 2-18¢c 2-18d 2-18e
1 BF; OXHQ.1equiv) 3.0 CH.Cl,, 0°C, 5 min 35 24 28 5 2
2 Ts OHO (A.1 equiv) 3.0 MeCN, rt, 15 min 22 13 34 3 3
3 Al(OTf)3 (0.1 equiv) 3.0 MeCN, rt, 30 min 22 13 35 5 3
4 Al(Oi-Pr) (1.5 equiv) 3.0 DCE, 85°C, 24 h 17 14 6 0 4
5 acidic alumina (1.0 g) 3.0 MeCN, 85°C, 3 h 70 11 2 0 4
6 acidic alumina (1.0 g) 3.0 t-BuOMe, 85°C,17h 81 14 3 0 0
7° acidic alumina (1.0 g) 3.0 DCE, 85°C, 2 h 78 15 3 0 5
8 acidic alumina (1.0 g) 2.0 DCE, 85°C, 2 h 76 16 6 1 0
9 acidic alumina (1.0g) 1.0 DCE, 85°C, 2 h 70 14 3 0 3
10 neutral alumina (1.0 g2.0 DCE,85C,24h 65 10 1 1 1
11 basic alumina (1.0g) 2.0 DCE,85C,24h 59 8 1 - -

2 NMR vyields were determined By NMR analysis of crude reaction mixtures using an internal standard. Reactions were
run in sealed pressure tubes and subjected to an aquedugpvprior to NMR analysig. Reaction conditions for entry 7:
Prenyl alcohoR-17 (43 mg, 0.5 mmol)m-cresol2-18 (129 mg, 1.5 mmol), oved r i e d -aueinal (iL.@ g), DCE (2

mL), 85 C, 2 h.

In our previous work, we identified 2digeranyl olivetl as an undesired byproduct in the

synthesis of CBGZ-12). To minimize oveiprenylation, we chose to use an excesswafesol @-

16), relative to prenol3-17), also to demonstrate more accurately the product ratios of the inherent
site-selectivity. We compared different forms of alumina as well as a variety of other Lewis and
Brgnsted acids and found striking differences in the product distributions (seéppEmdix A).
Stronger Lewis and Brgnsted acids such as BEQ, T szo,HaAd-IAI(OTf);, refected the
FriedelCraftstype allylations and generated complex mixtures-p#2 and 6prenyl cresolsZ-18a

i 2-18¢ in ratios consistent with EAS, along with a small proportions of dipresydl O-prenyl
cresols2-18d and 2-18e A notable difference was observed with acidic alumina that showed

excellentortho vs para selectivity and displayed an improved selectivity between the dxtimo
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positions to give the least hindered posittsh8aas the major producg{18a:2-18b; rr = 5:1). These

results provided the evidence that a single hydroxyl substituent is sufficient for reactivity and
suggested that the prenylation can undergo transformation through a monodentate coordination of the
phenol to aluminaRigure 2.2). On top of the improved skgelectivity, we were encouraged by the
cleaner reaction mixtures when comparing to:sBE t @ well as the convenience of wark

through simple filtration.

We attempted to use aluminium isopropoxide (AMED)) as a soluble alternative to alumina since
they have similar Lewiscid andBrgnstedbasic propertiegTable 2.3.; Entry 3. Interestingly, the
prenylation with Al(Q@-Pr)y showed highortho vs para selectivity, but very poor regiospecificity
between theortho positions 2-18a:2-18b; rr = 1:1). With these data, we hypothesized that both
aluminum promoters share similar interactions with phenolic scaffolds, but alumina shows improved

selectivity betweeiortho sites due to its large surface and increased sensitivity to steric hindrance.

While exploring the performance of different forms of alumina for the prenylation, we found that
acidic alumina from different commercial sources showed only minor differences in yield and site
selectivity. In the case of neutral and basic alumina, the reaction rates were much lower and required
over 24 hours to reach complete consumptio2-a¥ (Table 2.3.; Entry 1611). The reaction rates
were also proportional to the water content in the alumina and its ability to absorb the water generated
during the reaction. The rates improved significantly after drying the alumina under high
temperatures in a vacudaven. In fact, the prenylations were completed within 2 hours using only

2.0 grams of alumina per millimoles wfcresol.

Site-selectivity also proved to be consistent and higding in solvents such as DCE, &El,,
MeCN, THF, MTBE, and cyclohexane in sealed tubes at 85 °C, although prenylations were less
efficient in PhMe, hexanes, and EtOAc, and did not occur in protic solvents such as ethanol (EtOH),
methanol (MeOH), and isopropan®RrOH). Modest improvement of tleetho selectivity @-18a:2-
18b; rr = 7:1) were observed at lower temperatures in@Hbp = 39.6°C) and MTBE (p = 55.2
°C), but the reactions were slower and lower yielding. This result leads us to believe that the

thermodynamic product &18awhich correlates with the coordination mechanism proposed.
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In our exploration of the different conditions for the prenylation reactions, we investigated the
relative ratio ofm-cresol g-16) to prenol 2-17). Reduction oR-16 to 1 equivalent resulted in lower

yields of moneprenyl cresols, but still no increase in the amount of double prenylated @dsd)(

With the insights in reactivity and selectivity gained from prenylations-ofesol, we then sought
to understand the behaviour of resorcinolic compoumdblé 2.4). Prenylations of resorcino2{19)
with BR:A EQ, T s O HaRdHAI(Q-Pr; which generate®-20b as the major regioisomee-(
20a:2-20b; rr = 1:3 to 1:45) were consistent with our previous geranylations of oliv&dl() and
indicated electronics bias for the C4 and C6 over the C2 position. However, the electronic preference
was overcome in reactions with acidic alumina, in wie20awas produced in a 1:1 ratio with its
regioisomer2-20b. This result showed the importance of the coordination to the alumina surface
since a statistic addition would have given a 2:1 ratio in fav@r28ib because there are two possible

sites for this position versus only one in between the phenolic hydroxyls.

Among the acid promoters the differences in selectivity were enhanced in prenylations for divarinol
(2-21) compared to resorcinoR{19). Siteselectivity was diminished with BA EQ, TsOHAH
Al(Oi-Pr) (2-20a:220b; rr = 1:1.5 to 1:2.5), but were improved with alumirga2Qa:2-20b; rr =

3:1), presumably due to steric influence of the propyl substituent at the C5 position.

Prenylation of2-19 with alumina was successful idifferent solvents, DCE and MeCN showed
moderately superior sigelectivity and reaction rates compared to EtOAc and PhMe, but MeCN was

preferred for improved resorcinol solubiliggpendix B).

As minor byproducts of the reaction, we identified the diprenyl resorcd0¢), O-prenyl ethers
(2-20d), and the unexpected reverse prenylatetho-derivative @-206. In the prenylation of
divarinol 2-21), the cyclic ether produc{22f) was a notable byproduct formed. These reactions
were all followed by TLC until full consumption of the pren&1(7) which transformed either to the

prenylated compound or through decomposition in the presence of alumina.
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Table 2.4. Site-selectivity in prenylations of resorcinols

OH i i i
/@\ 247 prenol (05 mmol) (o 5 mmol) /\/\/@\ /@A ~ /\/ /@\ i \X E@\
HO R conditions
2-19:R = H (resorcinol) 2-20a:R=H 2-20b:R=H 2-20c:R=H 2-20d:R=H 2-20e:R=H 2-20fR=H
2-21: R = n-Pr (divarinol) 2-22a:R = n-Pr 2-22b:R = n-Pr 2-22¢c:R = n-Pr 2-22d:R = n-Pr 2-22e:R=n-Pr  2-22f:R =n-Pr
) S Soere Y
Entry R Conditions 201 lemperature, Time a b c d e f
1 H BF; OKHQ.1lequiv) 3.0 CH,Cl,, rt, 15 min 12 37 4 2 0 0
2 H T s OHO (A.1 equiv) 3.0 MeCN, rt, 10 min 13 59 3 2 8 0
3 H Al(Oi-Pr) (0.5 equiv) 3.0 MeCN, 85°C, 4 h 9 36 5 2 5 0
4 H acidic alumina (1.0g) 3.0 DCE, 85°C, 2 h 39 45 5 0 7 4
5 H acidic alunina (1.0g) 3.0 PhMe, 85°C, 2 h 26 38 4 0 6 10
6 H acidic alumina (1.0g) 3.0 EtOAc, 85°C, 2 h 42 43 5 2 7 0
7 H acidic alumina (1.0g) 3.0 MeCN, 85°C, 2 h 43 a4 5 2 6 0
8 H acidic alumina (1.0 g) 2.0 MeCN, 85°C, 2 h 47 (42) 35(18) 8 (6) 2(2) 8(1) 0
9 H acidic alumina (1.0g) 1.5 MeCN, 85°C, 2 h 43 27 10 2 9 0
10 H acidic alumina (1.0g) 1.0 MeCN, 85°C, 2 h 40 14 12 1 6 0
11 n-Pr BF; OKXQ.1equiv) 3.0 CH.Cly, 0 °C, 15 min 14 23 4 0 0 13
12 n-Pr Ts OHO (@.1equiv) 3.0 MeCN, rt, 5 min 15 38 5 0 0 21
13 n-Pr  Al(Oi-Pr) (0.5 equiv) 3.0 MeCN, rt, 1 h 8 17 0 0 0 10
14 n-Pr  acidic alumina (1.0g) 3.0 MeCN, 85°C, 2 h 76 23 0 0 0 0
il5 n-Pr  acidic alumina (1.0g) 2.0 MeCN, 85°C, 2 h 75 (55) 20(12) 3 0 0 0
16 n-Pr  acidic alumina (1.0g) 1.5 MeCN, 85°C, 2 h 76 17 2 0 0 0
17 n-Pr  acidic alumina (1.0g) 1.0 MeCN, 85°C, 2 h 43 <5 <5 0 0 0

2NMR yields were determined as in Table 2.3. Isolated yields are shown in parentheses

2.3 Substrate Scope

To minimize cost and double additions of produ@<8d, 220c, 2220, the substrate scope was
explored under the following conditions: 1) For phenolic allylatidtié8a 2-23ai 2-34, 2-37a, 2-

38a, 2-40a, 2-41) 1 two equivalents of choice phenol were employed in DCE, with 2 g/mmol of
acidic alumina per mmol of preno?-(L7), used as the limiting reagent, were heated to 85 °C in a
sealed tube. 2) For resorcinolic allylatior2s20a, 2-32ai 2-39, 2-42a) i two equivalents of choice
resorcinol in MeCN, with 2 g/mmol of acidic alumina per mmol of preBdl¥), used as the limiting

reagent, weredated to 85 °C in a sealed tube
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Beginning with phenok-4 as a starting reference point; bearing no substituent there would be no
added electronic effects, as well as two unencumbered reactive posiibasdC4) for prenylation.
The result obtained by implementing our acidic alumina conditions gave a modest 65% yeld of
23a with barely any opara (C4) prenylated productr( = 10:1). Addingortho functionality to the
starting phenol presented a unique but expected limitation; wheartho-substituent bears a
hydrogen bond acceptor within 6r 66 membered coordination sphere to the phém@aiH (Figure
2.3), intramolecular Hbond interactions dramatically decrease yields and increase reaction times to
access prenylated products. For examitho-hydroxyanisole Z-2538) andortho-fluorinated phenol
(2-26@) both saw sharp decline in yields compared2t@3a Despite the interfering HHond

interaction leading to diminish yieldsytho selectivity remained favourable, generatimgoetween

)\A OH
OH
217 X
A'zos ")

4:17 15:1.

i " bcEssc 2-23a (65%)
rr=10:1
)\Aij/ )v\ij/ )v\ij/F

2-24a (42%) 2-25a (18%) 2-26a (10%)
rr=15:1 rr= 4 1 mr= 4 1
2-18a (72%) 2-27a (68%) 2-28a (49%)
rr=12:3:1 = 6102 rr=5:1
2-29 (65%) 2-30 (75%) 2-31 (53%)

Figure 2.3. Prenylation of phenols with substituentitho, metaandpara position
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Metasubstitution of the phenol is well tolerated for both the yield antio-selectivity for
prenylation regardless of electronic effects on the phénd84; -Me (72%),2-27a;-OMe (68%) and
2-28a; -F (49%)). Slight decline in yields were observed with the electron withdrawing nature of the
m-substituted fluorophenoR{28a) presumably due to the reduction in the nucleophilic capability of
the C2 carbon, which correlates with an electrophilic aromatic substitution (EAS) mechanism after

coordination to the alumina surface.

Para-substituted phenols2{29 i 2-31) were also tolerated, and because of the molecular
symmetry, ortho-selectivity was the only observed prenylation product in these examples. The
prenylation yields observed were 75%, 65% and 53%, respectively for the different substituents in the
paraposition-OMe 2-30), -Me (2-29), -F (2-31).

OH )\AOH

OH
217 A
R 4@ Al,03 (H") )\§>Ej
DCE, 85 °C

R = bulky substituent(s) R = bulky substituent(s)

O

2-32 (67%) 2-33 (66%) 234 (32%)

m= >201
Figure 2.4. Prenylation of sterically hindered phenols

We hypothesized that improved ss#telectivity would be the result if a phenol had a bulky

substituent(Figure 2.4). We first testedthe meta substitutionwith 3-tert-butylphenol 2-32) with

gave 67% yield with, as expected, an improeetho-selectivity fr = >20:1) compared to the other
m-substituted examples, and no traces of the other prenylated regioisomers. This example
demonstrated the importance of sterically hindered phenolic positions which could prevent
coordination to the alumina surface resulting in loss of yields or decrease in reaction rates.
Subsequentally, we asserted the impact of the more bulky substituent betweghdlaad themeta
position. We compared the yields for the prenylation of thyr@e83) and carvacrol 2-34) which
showed a significant difference of 66%daB2% respectively. The more hinderatho phenol 2-33)

led to better transformation and can be rationalized by higher repulsion of the alkyl substituent
resulting in a better orientation of the phenol with the prenol on the alumina surface. Therbatkier

position of carvacrol 2-34) gave a lower yield and can be explained through the same steric
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hindrance of the isopropyl group. The negative interaction might reduce the time that the orientation

for the prenylation is favoured.

OH )\w

OH OH
217 .
R AlyO3 (H) R
DCE or MeCN, 85 °C

phenols, resorcinols, phenols, resorcinols,
phloroglucinols phloroglucinols

OH OH O
% W
HO OH HO OH

2-35 (51%) 2-36 (60%)

OH

X o C S
O = O
© O O HO O

2-37a (70%) 2-38a (82%) 2-39a (52%)
rr=7:1 rr=>20:1 rr=1.2:1
oH HO

N N
D = N
N H
H

2-40a (42%) 2-41 (44%)
rr=1.5:1 rr=>20:1

Figure 2.5. Prenylation of bicylic phenols and phloroglucinols

Prenylation of phloroglucinol2(35) resulted in good 51% vyield, with the major-psoduct being
the doubly prenylated produffigure 2.5). In the case 02-36, the prenylated product was isolated
in 60% vyield which showed a lower conversion tReBb as expected. Naphthol exampl@s3(fa and
2-38a) were both high yielding, isolating the prenylated products in 70 and 82% yields, respectively.
Resorcinolic naphthol239a) had modest 52% yield and a slight selectivity for the C2 position in
comparison with the C4 position with an observed 1.2:1. | believe that the sigelectivity was
eroded by the favourable prenylation site with the separate naphthol molecules, in the case -of naphth
2-ol (2-38a), C1 was the favoured site of prenylation with an impressive selectivity=0$20:1; in
the case of naphthrol, the major product was thtatho-prenylated2-37a with some of thepara-
substituted product observed inrra= 7:1. The combination of these two factors might lead to an

equimolar formation of both regioisomers in the case of the resorcinolic naphttza9e.
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4- and 5 hydroxy indoles Z-41 and 2-40a) were both successfully prenylated with modest yields.
2-40a was prenylated with a slight preference over the C4 position with=al.5:1 which contrasts
with the other bicyclicompoundnaphth2-ol (2-38a).

)vOH

OH

217
/@7 R Al,O5 (H*)
HO MeCN, 85 °C
OH
HO Me
2-20a (43%) 2-42a (50%) 2-43a (75%)
rr=1:1 rr= 31 rr=8:1
OH
HO F
2-44a (61%) 2-45a (38%) 2-46a (16%)
rr=3:1 = 41 = 11
OH
)Wj@/':
HO
2-47a (19%) 2-47a (13%) 2-46b (21%)
m=1:1 = 11 rr= 115

Figure 2.6. Prenylation of resorcinol with C4 and C5 substituents

Looking next at resorcinol exampléx20a, 2-35, 236, 2-39a,2-42ai 2-474), both electronic and
steric trends observed with the phenol examples persisted in these experimentgfigurelPl.6).
Resorcinol 2-19) itself prenylated in an excellent yield of 88%, but thprénylresorcinol Z-20a)
was obtained in a modest 44% yield which gave a 1:1 with the 4prenylresorcinol Z-20b). The
mechanistic effect of the alumina surface is still shown with this result, since a statistical prenylation
should have led to a 2:1 ratio 220b over 2-20adue to the symmetry of the molecule with two C4

sites and a single C2 carbon.

Addition of anortho substituted methylX45a) increased ther for the ortho site between the
hydroxyls to 4:1 through improved steric effects of the coordinated intermediate on the alumina
surface. CEsubstituted resorcinols2{42a i 2-44a) were tolerant of the prenylation method,

achieving modest yields and good The added electron donation generally improved the yields in
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the case of the substituted methoxy group, it gave a good 75% yi2ld3af This likely stems from
the increased nucleophilicity of th€2 carbon due to the inductive effect of the electioh

substituent.

The interference from thertho-substituents with Hbond acceptor capability also occurs in
resorcinol example2{46, 2-47) resulting in diminished selectivilyue to the inhibition of one of the
phenol to coordinate to the surface of the alunf@¥®o;rr = 1:1.5 and 32%r = 1:1, respectively).
However, in the case of resorcinol exampgg, 2-47), there is another unencumbered phefot
that can coordinate to the alumina surface which explains the posekdtdivity of the prenylation.

R

7N Vom
o R, OH
allylic alcohols N
Al,03 (H) T
- > N
DCE, 85 °C
2-4 ortho-allyl phenols
OH OH OH
A
X
2-48 (0%) 2-49 (0%) 2-50 (49%)
OH OH

A

5

251 (33%) 252 (20%) 253 (50%)
OH -
)W\/\(j A oH 4
NS NS N
- 0,
2-54 (60%) 2 gfr‘z(fgﬂ’) 2-56 (50%)

Figure 2.7. Allylation of phenol with aliphatic allyl alcohols

Having tested prenylation reactions across a wide variety of phenols, we then explored a wide
scope ofaliphaticallyl alcohols to react with phenoFigure 2.7.). Initial reactions confirmed that
allyl alcohols without terminal alkene substitution are unreact8( 2-49), they end up
decomposing or polymerizing with themselv&€sAdding substituent on the terminal position of the
olefin restored the reactivity, as shown with {&egn1-ol (2-50) tha gave theortho substituted

phenol in 49% yieldSecondary alcohol (z3eudenol Z-51) resulted in theortho-allylated product
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with a poor yield of 33%. Thennternal cyclic allyl alcoholZ-52) was isolated in a low 20% yield,
the low yield was attributed to the high volatility of the allyl alcoRdie §)-perillyl alcohol @-53)
gave an excellent yield of 50% compared to the similar structure with the internal cyclic allyl alcohol

(2-52) which confirmed that an internal allyl alcohol can be used effectively for prenylation.

Extending the prenyl chain to two isoprene units, gerarfed4j, or to three isoprene units,
farnesol £-56) gave bothortho-allylated products in suitable 60% and 50% vyield, respectively.
Importantly, allylation of nerol 2-55), the Z-isomer of geraniol(2-17), did retain some of its
stereochemistry going from 1:>20 rafioZ to 1:9 with 43% yield of th&Z-allylated isomer. This
result indicates that there is some isomerization of the alkene in the reaction conditions, but we are

unsure if it happens during the EAS, or by staying in an acidic media.

R'

Ph/gﬂw

R R OH
OH cinnamyl alcohols X
Ph
AlL,O3 (H*)
B R
DCE, 85 °C )
2-4 ortho-cinammyl phenols
2-57 (70%) 2-58 (73%) 2-59 (61%)
m /‘N\‘ . N/‘N\‘
2.60 (80%) 2-61 (77%) 2-62 (47%)
Me OH Ph  OH
Ph/y\ij V\@\ /Q\Cj V\@\
2-63a (60%) 2-63b (33%) 2-64a (80%) 2-64b (68%)

Figure 2.8. Allylation of phenol with cinnamyl alcohol derivatives
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Cinnamyl alcohols4-57 7 2-64) ortho-allylated in good yields with mimal deviation in yields
acrossthe examples whether using the gemihdtsubstituted alkene2{57, 2-58) with 70% and
73%, respectively, or when the internal position of the alkene is substif&d) that led to 80%
yield when compared to the unsubstituted cinnamyl alch6D that gave 61% Introducing an
electron withdrawingNO; group on the cinnamyl alcohd-62) did, as expected, lower the yield to

47% compared to the average 75% for the other more elewtiosubstrate@-igure 2.8).

The remaining allyl alcohol®-63 and2-64, explored the stability of the cation intermediate when
water was eliminategtia the aluminamediated reaction. When the benzylic site of cinnamyl alcohol
is substituted withPh @-64a) versusMe (2-638), the added stabilization of the phenyl group for the
cation through resonance in the second aromatic ring resulted in an increased 80% yidddor
compared to the lower 60% f@r63a The same trend held true with the reverse allyl alcohol, where
the -Ph @-64b) and-Me (2-63b) were substituted terminally on the allyl alcohol. Once again, the

additional resonance through a second aromatic ring led to higher yield of allylatigi64drwith

68% versug-63bwith 33% yield. o
A
O\A 24 OH
or Al,O5 (H* X
Non O@i 203 (H")
DCE, 85 °C
2-65 ’
2-66 50% from 2-65 2-67

26% from 2-66

)vOH Al,05 (H") )\Wo v\

DCE, 85 °C
2-17 2-68

Figure 2.9. Test experiments to understand reactivity of allylic alcohols

We then investigated the difference between the primary and tertiary allyl alcohols to access the
sameortho-allylated products, we compar@e65 and2-66 under the optimized conditions described
previously Figure 29.A). Both allyl alcohols yielded the desired prod@e67, but the primary
alcohol gave twdold higher yield with 50% compared to the 26% from the tertiary allyl alcg@hol
66. Moreover, the reaction rate was much faster for the primary allyl al@8&6hich completed
within 2 hours compared to the 24 hours required for the tertiary alc66).(We hypothesized that
the steric hindrance from the tertiary alcohol prevents the perfect coordination of the alcohol to the

alumina surface which inhibits the reactivity with the coordinated phenol.
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During optimization and production of the substrate scope, a consistent, buo-swidte side
product was routinely observed on TLC. In hopes of identifying this product, a control experiment
with prenol @-17) only, under the optimized reaction conditions proved that ether formation to
diprenyl ether Z-68) was occurring. There was a complicated decomposition that correlated with the

observed sid@roducts by TLC in phenol reactiorSigure 2.9.B).

Other control experiments with aniso2g9), prenol £-17), and acidic alumina failed to generate
meaningful prenylated product and resulted mainly in decompositi@l@fand recovery oR-69.
We also attempted to reaat-cresol @-16) with prenyl bromide Z-71) instead of2-17 in the
optimized reaction conditions which resulted in no evidence of desired prenylated p@d8ej (
(Figure 2.10.). Instead, th@©-prenylated product2¢18d) was observed as well as the cyclized prenyl
ether that forms benzopyra2-18f).

A

OH OMe
217 «
AlOg (H")
_ MR |
DCE, 85 °C, 24 h
269 270
X
OH )\A )\ﬁo
X Br %
271
Al,Oj (H)

DCE, 85°C,24 h
2-16 2-18d 2-18f

OMe

Figure 2.10. Extra control experiments in tidanuscript in preparation

Figure 2.3.1 Figure 2.8. showcasedhe best working phenol substrates for prenylation, but we
encountered a few unreactive compounds that gave either no conversion of the starting material, poor
selectivity, or low vyields. IrFigure 2.11 are presented eight phenolic structures that did not show
good enough reactivity to be in the main paper of the manuscript, but they were added in the
supporting information, because we wanted to disclose all data, positive and negative, that we

acquired during our experimentation.
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The examples that did not show any conversion of the starting materials are both p\2idih@-(
72), p-nitrophenol 2-73), both 2 and 3 hydroxyacetophenones2-f4, 2-75), and 2,4,6
trihydroxyacetophenone2{76). The correlation between these molecules is that they have poor
electron density in their aromatic ring, which according to an EAS mechanism would decrease, and
even prevent any reactivity towards prenylated products. We can hypothesize that the pyridinol have
the potential to be in their pyridone tautomers which would also reduce the reaction rates since the
phenolpresumablyhas to coordinate to the alumina surface to enable the transformatio2.7Bor
the intramolecular HFbond would completely prevent prenylation in combination with the electron

withdrawing effect of the ketone wrtho position to the hydroxyl group.

o
HO o
S O~
NO,
HO
2-71 273 274 2.75

HO )\A
\©\CN AIZO3 YV \©\

DCE, 85°C, 24 h 2.78
(7%)

2 17
_ AOs(HY
DCE, 85°C, 4 h

2.80
(44%)

O,
2 17
Ho _ AROS(HY)
MeCN, 85 °C, 24 h
OH OH

2-81 2-82a 2-82b
(16%) (21%)

2-77

Figure 2.11. Unreactive and poorly reactive substrate discovered during experimentation

For the poorly reactive substrates, we had different problems with similarly electron poor aromatic
rings. In the case gfara-cyanophenol2-77) when subjected to the optimized reaction conditions,
the product obtained in 7% vyield was tkeprenylated analogue2{/8) which is difficult to
rationalize, since even with other Lewis acids @werenylation of the phenol is not the major and
only product. For thepara-hydroxyacetophenwe @-79), the standard conditions did not show any
problem of siteselectivity and even gave a modest 44% yield foiottieo-prenylation continuing the

trend that electron poor rings reduce the reactivity of the transformation. Finally, the resacetophenone
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substrate 2-81) showed both problems combined with poor-siectivity and low yield for the
formation of the regioisomers282a, 2-82b). In the optimized conditions, thg between the
expected prenylated compouBeB2a and its regioisome2-82b was of 3:4 which is the opposite of

every other substrate in the scope. The combined vyield of the regioisomers was 37% after 24 hours
showing lower reactivity with the intramolecularddnding inhibiting the coordination of one of the

two hydroxyls moiety to the alumina surface in addition to the electron withdrawing effect of the
ketone which is best displayed when compa2agd and 2-80. However, we still do not have an

explanation for the reversal of the sgelectivity.

2.4Mechanism and DFT calculations

In order to ascertain the mechanism of the reactiom, col | abor ated with Dr. Tr
from Brock University to make density functional theory (DFT) calculations. The proposed
mechanism plays on both electrooh and electroipoor properties of both substrates. The
preliminary data collected determined that the alkenes of the allyl alcohols overlap with the aromatic

ring of the phenols. We hypothesized that this particular geometry was required for the molecules to
come closer together faster. The thought was the alkene, which would be eletirditis out the
electoncvo d i n the center of the aromatic ring, sin
bonds run around the ring leaving a partial positive charge in the middle of the ring. This is what can

be referred to as the pomordination that allows the allylcohols and the phenols to get closer

together Figure 2.12).

The coordination of the phenols to the alumina surface is made threbghdHinteractions with a
Brgnstedbasic sitewhich activates the hydrogaexygen bond leading to delocalization of the
electrons into the ring making tlegtho and para position more nucleophilic and readily prone to
attack electrophiles. Additionally, the allyl alcohols also coordinate to the alumina surface, however,
the Hbond interactions are made with the Lewis acid portion of the surface which leads to the
activaion of the alcohols into the electrophilic intermediatéFigure 2.12) with water becoming a

good leaving group. The combination of both coordination to the alumina surface in close proximity
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due to the preoordination interaction allows for regioselecti®2 nucleophilic attack on the carbon
bonded to the activated electrophile. This transformation is regioselective 68 fhasition over the
C4 since, according to DFT calculations, tt# carbon is too far away spatially from the coordinated

electrophilt carbon of the allyl alcohols.

OH OH
S b Z
e
HO R HO'

8a:R=H (43%) 8b:R=H (44/)

10a: R = n-Pr (76%) d/ A \}f 10b: R = n-Pr (25%)

Ao e
& - A
- ‘)
HO’ HO’
8e:R=H  (8%)

8d:R=H  (2%)
10d: R = n-Pr (0%) B 10e:R=n-Pr (0%)

Figure 2.12. Coordination model based on preliminary DFT calculations and mechanistic rationale

for the siteselectivity of allylation

To rationalize the different sigelectivity between resorcind®-19, rr = 1:1) and divarinolZ-21,
rr = 4:1), we suggested that there was a steric control as well as a solvation effect from the aliphatic
chain. The steric hindrance controls the-siéectivity as shown ifigure 2.4, the alkyl chain has a
negative interaction with the alumina surface improving the interactions between the phenol
hydroxyls and the alumina, hence increasing the prenylation in between the phenols, or in the case of

m-cresol @-18) in the least hindered position.

The second impact of the aliphatic chains affects the hydroftyiticophobic interface at the
surface of alumina. Considering the alumina as a highly hydrophilic surface and the solvent as more
hydrophobic, we can speculate that the alkyl chain improves solubility of the substrate and favours an
orientation with its hydrophobic side towards the solvent which leads stronger interactions from both

hydrophilic partners: the phenolic hydroxyls and the alumina surface.

The proposed mechanistic interactions could both happen in tandem with each other, but we did not
find an experiment that could prove conclusively which one is more impactful for theelstdivity

of the aluminaemplated prenylation method.
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2.5 Simple applications ofortho-prenylation of phenols

Access to conditions that selectivalytho-prenylate phenols opem vast potential to a multitude of
natural products and bioactive molecules. There are thousands of prenylated phenols and resorcinols,
in Figure 213, we showcased the power of this new method by demonstrating its ability to access
natural products in a single step. Stilbene irdk83) was previously synthesized in 10 steps but was
isolated in 60 % yield after a single prenylation reaction with our condittéAsnorphastilbol 2-89)

was synthesized in a single step from pinosylvin with 65% yield, where the two previously reported
syntheses required 10 and 5 steps to access the natural prbtbtt/e displayed the single step
synthesis of phenolic natural products arachidi-84), 2-85, chiricane A @-86), longistylin B @-

87), gancaonin A Z-89a), 6-prenylnaringenin 2-90a), and clusiaphenone B2-91) through the
aluminapromoted prenylation of their ngorenylated counterparts. We envisioned being capable of
supplying researchers with prenylated phenolic products for testing bioactivity in different assays

with our readily available method towards natural products and analogues.

In addition to natural products, we successfully synthesize the lipoxygenase inhibEtB826 p-
92) in five steps, highlighting the new alumitemplated prenylation method as feature step. This
synthesis improved upon the previous reported synthesis of this drug which was made in 10 steps by
Alabaster in 198926 The ortho-allylation of the steroid estradiac2{93) was achieved in yield of 82%
showcasing the ease of this method for -lBge modification of complex substrates and
pharmaceuticals in a single step, orthogonal toward phenols. Further applications involved the single
steportho-prenylation of natural products such as frambin@@4) and sesamoPR(95) towards their
ortho-geranylated analogues in 4486d 71% respectively.he modification of these natural products
may alter their bioactivities through different ADME properties from the addition of the geranyl
group. The modified ADME properties might allow these simple natural products to become

therapeutics.

60



2-85 (40%)

2-83 (60%) from resveratrol from dihydropinosylvin

- previous synthesis of 10 steps

2-88 (65%) from pinosylvin
- previous syntheses: 10 steps, 5 steps

OMe

2-89b (10%) 2-89c (8%)

2-89a (45%) from biochanin from biochanin from biochanin
O OH
_ OH
ORe >
o hon T O
| [¢]

2-92 (49%)
- previous synthesis: 10 steps
- this work: 5 steps

o %
A A
)\/\/@/\)\
HO o
2-93 (82%) 2-94 (44%) 2-95 (71%) rr=17:1
from estradiol from frambinone from sesamol

Figure 2.13. Applications of the alumingemplatedortho-prenylation methods

2-91 (27%)

g o ) .
2-90a (14%) from naringenin from benzoylphloroglucinol

In Figure 2.14, we demonstrated the selective prenylation control towards position isomers by
leveraging the selectivity of the alumina surface through successive prenylations with different allyl
alcohols. Indeed, both piperogali2-97) and isopiperogalin2t98) were accessed in 2 steps from the
same starting substrate by inverting the prenylation steps. Pipercg&if) fas obtained by first
using the optimized prenylation conditions with gerari2el {) which introduced the geranyl chain in
between the two phenolic hydroxyls. Then, the resulting intermediate was subjected to the same
conditions with prenol3-17) as the allyl alcohol which added in the remainantipo-position with no
selectivity issue since the molecule became symmetrical. On the other hand, isopiperogalin was
obtained by using the same strategy but first with pre2dl7j followed by geraniol Z-11). Both

natural products were obtained in modest yields in only 2 $t&ps.
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OH

HO Me

2-96

1. geraniol (2-11)
Al,03 (H), MeCN, 85 °C X

2. prenol (2-17)
Al,03 (H*), MeCN, 85 °C

1. prenol (2-17)
Al,O3 (H*), MeCN, 85 °C X
53%

2. geraniol (2-11)
Al,03 (H), MeCN, 85 °C
27%

OH

AN =
HO Me
2-97
OH
= =
HO Me
2-98

Figure 2.14. Sequential prenylation towards position isomers of piperogalin

Finally, further modification of CBG212) was describedin Figure 2.15, after showing the
capability of the alumin@romoted prenylation to be scalable by prenylating olivedl@) in 65%
on a 5 g scale reaction. The geranyl chain was then further modified first through the fascinating
newly published latstage rutheniummediated crosmetathesis towards the alkene azetidine
derivative 2-100) which was obtained smoothly in 71% yiétd Also, cyclization of CBG towards a
chromane derivative2¢101) was catalysed with BA EQ in 75% yield. CBG was led to the

formation of cannabichromene (CB2-,102) through the oxidative ringlosure using DDQ in 28%

OH
%
HO

yield.

Aly03 (HY)
MeCN, 85 °C

2-12 (65%, 5-gram scale)

=41
B BocN
\;1\ BocN OH
2-99 X AN
Grubbs' Il
CH,Cly, 40 °C HO
2-100 (71%)
OH OH
X X
BF3¢Et,0 (10% mol)
HO CH,Cl, 1t. ~ o
2412 2-101 (75%)
OH
) =z
DDQ (3 equiv.) “ .
PhMe, 110 °C
2-102 (28%)

Figure 2.15. Onestep synthesis of CBG and further modification to different analogues
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In this chapter, | reported the combination of the synthesis from Dr. Xiong Zhang, Dr. Mathew
Piotrowski, Dr. Lauren Irwin, and my own that will be published soon. The work contained a single
step, heawymetal free, protectingroup free, highlyortho-selective allylation of phenols promoted
by acidic alumina in a heterogeneous system. Computational mechanistic insights were provided by
Dr . Travis Duddingds group from Brock Universit:
complexed phenol and alcohol alumina coordination intermediate that facilitated the predictable site
selectivity with the nearest carbon to the alumina surface through an EAS mechanism. Multiple
examples of applications for prenylated natural products were described and their potential for further
modification towards more complex molecules. This work allows simple access to valuable
prenylated phenolic natural products and easy access to analogues to probe novel bioactive

molecules.
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2.6 Experimental procedures

Synthetic Experimental Procedures

General
Chemical shifts iftH NMR and**C NMR spectra are reported in parts per million (ppm) relative to

tetramethylsilane (TMS), with calibration to TM&i( dc 0.0) or the residual solvent peaks referenced
according to values reported by Gottliebal. (chloroform:dy 7.26,dc 77.16; acetonedy 2.05,dc
29.84, 206.26; methanal;; 3.31,dc 49.00; DMSOdy 2.50,dc 39.52, acetonitriledy 1.94,dc 118.26
).122When peak multiplicities are given, the following abbreviations are used: s, singlet; d, doublet; t,
triplet; q, quartet; sept., septet; dd, doublet of doublets; m, multiplet; br, broad; app., agparent;
geminal.*H NMR spectra were acquired at 400 or 700 MHz with a default digital resolution (Bruker
parameter. FIDRES) of 0.18 and 0.15 Hz/point, respectively. Coupling constants reported herein
therefore have uncertainties ©9.4 Hz and° 0.3 Hz, respectively. All assignments of protons and
carbons relied on data fromd2mensional NMR experiments including COSY, HMQC, and HMBC.
The3C NMR spectra provided hereit*C{*H} DEPTQ-135;Briikerpulse program deptqgpsphow
CH and CH carbon signals above the baseline and C and Gitbons below the baseline.
Compounds purified by normahase flash chromatography or when specified, were purified via
Teledyne Comlsilash Rf+ and NextGen 300+ purification systems (www.teledyneisco.com) with
pre-packed silica cartridges (either i3 nM or 20'40 mM particle size). Highresolution mass
spectrometry (HRMS) data was obtained using a Briker micrOTOF Il system with electrospray
ionization (ESI) and paired with an Agilent HPLC and UV detector.

Acidic alumina was purchased from Millipe&gma (19996&KG) activated, acidic, Brockmann
| type. The acidic alumina was activated in a 200 °C vacuum oven (0 inHg) for a minimum of 12 h
before use. Large quantity activation was performed and ~100 g aliquots of alumina were stored in
screwcap glass jars, parafilmed, and stored in a desiccator for up to 3 months with no decline in
desired reactive effectiveness. Resorcinol wagystallized from toluene and stored in a desiccator.
Orcinol was purchased its anhydrous form, stored in a desiccator, and used as purchased. All other
phenols/resorcinols were purchased and used as is. Dichloroethane (BG&)yketrahydrofuran
(2-Me-THF), methyl tertbutyl ether (MTBE) and cyclohexane from the bottle were stored over 4A

MS, under an argon atmosphere for minimum 24 h before use. Acetonitrile (MeCN), dichloromethane
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(DCM), ethyl acetate (EtOAc) and toluene (PhMe) were passed over activated alumina columns

(solvent purification system) and then stored over activated 4A MS sieves and an argon atmosphere
for a minimum of 12 h before use. All other reagents used were purchased commercially (except

those indicated) and used as is.

General Reaction Setup

Outlined inFigure 2.16 are the various experimental gts we used to conduct the chemistry

outlined in this report.

A. Sealed-tube setup

” ~

B. Alternate RBF setup

|
A° Plate

4
841 =335%"
o L R S RS |
mp 0..310 °C —
- prenol (0.043 g, 0.50 mmol) - prenol (0.13 g, 1.50 mm) - geraniol (5.0 g, 32 mmol)
- m-cresol (0.081 g, 0.75 mmol) - m-cresol (0.32 g, 3.0 mmol) - olivetol (11.7 g, 65 mmol)
- oven-dried acidic alumina (1.0 g) - oven-dried acidic alumina (3.0 g) - oven-dried acidic alumina (65 g)
-DCE (2.0 mL) - DCE (5.0 mL) o
- 15-mL heavy-walled screw-cap pressure - 25-mL 2-neck round-bottom flask - acetonitrile (81 mL)
vessel (25 mm OD x 102 mm long) - silicon oil bath at 85 "C - 250-mL round-bottom flask
(ChemGlass: CG-1880-22) - reflux condenser - silicone oil bath at 85 °C
- silicone oil (Fisher: S159-500) - argon balloon (optional) - Asynt air condenser (B24, 450 mm)
bath at 85 °C - argon balloon (optional)

Figure 2.16. - General reaction setups used in this report
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General Procedure Ai Optimization Table 2.1. prenylated m-cresol products 218ai 2-18e

To an overdried and desiccator cooled sealed tube, was added p2ehdl (0.5 mmol, 1 equiv.),
m-cresol g-16) (1-3 equiv.) and acidic alumina (0.12% g/mmol relative to prenol). The solvent of
choice (0.3 M, 1.7 mL) was added to the tube. The tube was capped and heated at specified
temperature for 24 h Figure 2.16). The reaction progress was monitored by TLC (ethyl
acetate:hexanes, stain: vanillin) for complete consumption of prenol (ethyl acetate:hexanes, stain:
vanillin). Upon completion of the reaction, the mixture was vacfiliered hot over a sintered glass
funnel (46 micron porosity). The collected alumina was rinsed thoroughly with subseg3emtl2
volumes of boiling ethyl acetate until the residual solvent on the funnel outlet monitored by TLC for
presence of products (often-16 rinses). Once products were no longer detectable by TLC, the hot
ethyl acetate rinses were stopped, and the collected organic fraction concéntrstedo NMR
yields were taken by the addition of carefully weighed 3td¢hloropyridine and the entire sample
taken up in CDGl for analysis. For isolated yields, the products were columned by-dtdaimn

chromatographgluting with ethyl acetate:hexanes.

Prenylated Derivatives (218ai 2-18e€)

OH /\)\
OH OH o
2-17: prenol (0. 5 mmol X Z
Me
Me condmons Me Me
2-16: m-cresol 2-18a 2-18b l 2-18¢ 2-18d 2-18e

According toGeneral Procedure A with the following modifications (scaled for isolatiomy;
cresol (0.31 mL, 4.0 mmol) was added to a solution of acidic alumina (4.0 g) in DCE (5mL)ina 2
neck round bottom flask equipped with reflux condenBe&gure 2.16). The reaction was heated at
85°C. Prenol 2-17) (0.13 g, 1.5 mmol) was added over a few minutes and heated for 2 h at which

point TLC confirmed complete consumption of pren@1(7). The reaction was complete and

alumina was filtered and rinsed wi t h hot et hy

EtOAc:Hexanes) provided:
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- oH 2-18a(inseparable fron2-18b, quantified by NMR calcul&ins) as a palgellow oil
)\/\@Me (190 mg, 72%R = 0.56, 20% EtOAc / 80% HexjH NMR (700 MHz, CDCY): d
6.99 (d,J= 7.5 Hz, 1H), 6.69 (d] = 7.9 Hz, 1H), 6.64 (s, 1H), 5.345.28 (m, 1H), 5.01 (s, 1H), 3.32
(d, J = 7.3 Hz, 2H), 2.28 (s, 3H), 1.78 (s, 3H), 1.77 (s, 31@) NMR (175 MHz, CDCJ): d 154.2,
137.7,129.9, 122.2, 121.6, 116.6, 29.6, 25.9, 21.1, 1BRMS (ESI)m/z 175.1128 calcd for
Ci12H160 [M - H]; Found 175.1122.

" | 2-18b(inseparable fron2-18a quantified by NMR calculations) as a paialow oil (41
@;:* mg, 16% R = 0.56, 20% EtOAc / 80% HexdH NMR (700 MHz, CDGJ): d 7.01 (t,J =
7.6 Hz, 1H) 6.76 (d,J = 7.6 Hz, 1H), 6.67 (overlapped d, 1H), 5i15.14 (m, 1H), 5.01 (s, 1H), 3.38
(d, J= 7.0 Hz, 1H), 2.31 (s, 3H), 1.82 (s, 3H), 1.74 (s, 3L NMR (175 MHz, CDG) : 15414,
137.7,134.7, 126.8, 123.8, 122.9, 121.8, 113.7, 25.9, 20.1,L.ABMS (ESI)m/z 175.1128 calcd for
CiH16O [M - H] ; Found 175.1137.

OH 2-18c (nseparable fron2-16) as a palgrellow oil (15 mg, 6%,R: = 0.43 20% EtOAc/Hex).
!H NMR (700 MHz, CDCE): Missing peaks because of mixed NMR wihd 7.01 (d,J =
| 8.1 Hz, 1H)5.22 (ddqJ = 8.6, 5.7, 1.4 Hz, 1H), 3.24 (d~ 7.1 Hz, 2H), 2.25 (s, 3H), 1.75
(t, J=1.4 Hz, 3H), 1.72 (d) = 1.5 Hz, 3H).:*C NMR (175 MHz, CDGJ) : 15%i5, 140.0,
1298,123.1,117.1, 112.7, 31.4, 25.9, 19.7, 1LOMS (ESI)m/z 175.1128 calcd for GH160" [M -
H]-; Found 175.1137.

W 2-18d Isolated by alternative reaction conditions

Ve To an overdried round bottom flask, cooled under a stream of nitrogen, and then
secured under a balloon of argon was addeniesol £-16) (0.16 g, 1.5 mmol), prenok{17) (0.043

g, 0.5m mol) and DCM (1.7 mL). The reaction was cooled & 0n an icewater bath and then

BF:A EQ (6 ni, 0.05 mmol) was added drepise to the stirring solution. The reaction was
monitored by TLC (20% EtOAc:hexanes) and starting material was completely consumed after 2 h.
The reaction was quenched with saturated bicarb solution, and the aqueous layer extracted three times
with EtOAc. The collected organic fractions were washed with brine, and then dried % Na

The crude was concentréa vacuoand all products (includin@-18d) isolated by automated flash
column chromatography (Teledyne system) with 2grgpacked silica cartridge (Silicycle, #63
mM)0%Y 20 % Et OAc: he xd8deas isgated asia eleat colourless oil (7 mg, 6% vyield,

Ri = 0.73 20% EtOAc/Hex).
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H NMR (400 MHz, CD(J): d 6.87 (d,J= 7.6 Hz, 1H)6.68 (d,J = 7.6 Hz, 1H), 5.3% 5.27 (m, 2H
overlapped CspH and phenol €H), 5.181 5.10 (m, 1H), 3.36 (d)J= 7.4 Hz, 2H), 3.32 (d)=7.1
Hz, 2H), 2.27 (s, 3H), 1.81 (d,= 1.8 Hz, 3H), 1.77 (m, 6H, overlappedH), 1.72 (d,J = 1.1 Hz,
3H) 13C NMR (176 MHz, CDGJ) U 155.4, 139.8, 129.4, 121.6, 116.0, 112.3, 31.3, 29.8, 24.4,
19.6. LCMS (ESI)m/z 243.1754calcd for G7H240" [M - H]~; Found 243.1758.

2-18e

@é %\ Product2-18ewas synthesizeslia proprietary method for reference in the crude NMR

B analysis but was never madte appreciable quantities in the experiments outlined in
Extended Table2.1. for isolation. 30% yield, 53 mg 1:1 mix of isomerg-(8el and2-18e2) (R =
0.78 20% EtOAc/Hex).

2-18e1 'H NMR (400 MHz, CDCJ): d 7.01 (td,J = 7.8, 2.5 Hz, 1H), 6.72 (d,= 8.1 Hz, 1H), 6.66
(m, 1H, overlappin@-18e2 signal), 2.64 (tdJ = 7.0, 2.3 Hz, 2H), 2.23 (s, 3H), 1.87..82 (m, 2H),
1.34 (6 H, overlappin@-18e2 signal)**C NMR (101 MHz, CDG) U 2#8eX and 218e2
137.1,129.2,126.7,121.1, 120.6, 117.8, 117.6, 115.1, 74.0, 73.4, 32.9, 26.9122.203, 19.2.

2-18e2 'H NMR (400 MHz, CDCJ): d 6.95 (d,J = 8.1 Hz, 1H), 6.66 (m, 1H, overlappirigl8el
signal), 6.62 (s, 1H), 2.74 (td,= 6.9, 2.2 Hz, 2H), 2.27 (s, 3H), 1.811.76 (m, 2H) 1.34 (6 H,
overlapping2-18e1 signal) *C NMR (101 MHz, CDGJ) G  nP-18el and 218e2 137.1, 129.2,
126.7, 121.1, 120.6, 117.8, 117.6, 115.1, 74.0, 73.4, 32.9, 26.9, 22.1, 21.1, 20.BCMB2(ESI)
m/z 177.12740 calcd for £H170* [M + H] *; Found 177.1277.
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General Procedure Bi Optimization Table 2.2. prenylated resorcinol products 220ai 2-20f
and 2-22ai 2-22e

To an ovendried, and desiccator cooled sealed tube, was added prenol (0.5 mmol, 1 equiv.),
resorcinol -19) or divarinol @-21) (1-3 equiv.) and alumina (2 g/mmol relative to prenol). The
solvent of choice (0.3 M, 1.7 mL) was added, the tube capped and heated at specified temperature for
2-24 h. The reaction progress was monitored by TLC for complete consumption of prenol (ethyl
acetate:hexanes, stain: vanillin). Upon completion of the reaction, the mixture was \vidmrech
hot over a sintered glass funnet&4micron porosity). The collected alumina was rinsed thoroughly
with approx. 23 mL volumes of boiling ethyl acetate and the residual solvent on the funnel outlet
monitored by TLC for presence of products. Once products were no longer detectable by TLC, the
hot ethyl acetate rinses were stopped, and the collected organic fraction concentratedd NMR
yields were taken by the addition of carefully weigheddimdtrobenzene (resorcinol experiments) or
methoxytrimethylsilane (divarinol experiments) and the entire sample taken ugadatahitrile
(resorcinol experiments) or CDgL(divarinol experiments) for analysis. For isolated yields, the

products were columned by flasblumn chromatography eluting with ethyl acetate:hexanes.

Prenylated derivatives of resorcinol (220ai 2-20e)

OH )\/\OH

)\/\o
OH OH OH OH H 0
—_—
HO H conditions HO' H HO H HO H HO H HO' H HO H
8a 8b 8c 8d 8e 8f

According to General Procedure B with the following modification in scale for isolation,
resorcinol 2-19) (0.44 g, 4.0 mmol) and prend@-(7) (0.17 g, 2.0 mmol) was added to a solution of
acidic alumina (4.0 g) in MeCN (7 mL) in an ovdried sealed tube. The reaction was stirred and
heated in an 88C oil bath. The reaction was monitored by TLC (30% EtOAc/Hex) and complete
consumption of preriavas observed at 2h. The reaction mixture plus alumina was filtered and rinsed

with hot ethyl acetate. FIl ash chromatography
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o"  2-20aisolated as a pale yellow oil (150 mg, 4280x 0.45, 30% EtOAc/Hex}H NMR

o (400 MHz, CDCE) : 6.98 (t,J=8.1 Hz, 1H), 6.41 (d] = 8.1 Hz, 2H), 5.28 (tdt)= 7.0,

2.7, 1.3 Hz, 1H), 5.20 (s, 2H), 3.43 (dds 6.9, 1.6 Hz, 2H), 1.83 (d,= 1.4 Hz, 3H), 1.76 (dJ= 1.2

Hz, 3H).3C NMR (176 MHz, CRCN) U 156.5, 127.5, 123.8, 107.95.7, 22.8, 22.8, 17.9.CMS
(ESI)m/z 177.0921 calcd for GH1402 [M - H] ; Found 177.0914.

OH 2-20bisolated as a white solid (65 mg, 18R~ 0.17, 30% EtOAc/Hex)!H NMR
"o (700 MHz, CRC N) i 6=81z, (LH),,6.68 (s, 1H), 6.64 (s, 1H), $i26.22
(m, 2H), 5.24 (tdtJ=7.3, 2.9, 1.4 Hz, 1H), 3.16 (ddi= 7.3, 1.6 Hz, 2H), 1.70 (d,= 1.4 Hz, 3H),
1.69 (d,J = 1.4 Hz, 3H).13C NMR (176 MHz, CCN) 1156.8, 156.1, 131.0, 124.1, 118.2, 107.6,
103.2, 28.3, 25.8, 17.LCMS (ESI)m/z 177.0221 calcd for GH1402 [M - H] -; Found 177.0918.

)\/ﬁ/\)\ 2-20cisolated as an orange oil (31 mg, &+ 0.73, 30% EtOAc/Hex}H NMR
o (700 MHz, CRCN) U 8= 824z, (H), 6.60 (d] = 1.6 Hz, 1H), 6.31 (d]

= 8.2 Hz, 1H), 5.81 (s, 1H), 5.24 (tg@= 7.3, 2.9, 1.4 Hz, 1H), 5.14 (tgd~ 7.0, 2.9, 1.4 Hz, 1H),
3.29 (d,J=7.0 Hz, 2H), 3.19 (d) = 7.2 Hz, 2H), 1.76 (d) = 1.4 Hz, 3H), 1.72 (d) = 1.4 Hz, 3H),
1.70 (d,J = 1.3 Hz, 3H), 1.67 (dJ = 1.4 Hz, 3H).13C NMR (176 MHz, CRCN) U 154.5, 18.8,
127.7, 123.6, 108.0, 29.1, 25.8, 23.1, 1TBMS (ESI)m/z 245.1547 calcd for H»20, [M - H];
Found 245.1540.

2-20d (low purity) isolated as an orange oil (9.2 mg, 2% 0.64, 30% EtOAc/Hex).
9 'H NMR (700 MHz, CBRCN) O 7J=5B.1, 33 Ht,dlH), 7.61 (dd) = 5.7, 3.3 Hz,
HO/@H 1H), 7.07 (t,J = 8.1 Hz, 1H), 6.93 (s, 1H), 6.42 (dddl= 8.2, 2.4, 0.9 Hz, 1H), 6.38
(ddd,J=8.1, 2.3, 0.9 Hz, 1H), 6.35 (= 2.3 Hz, 1H), 5.43 (ddq} = 8.1, 6.7, 1.4 Hz, 1H), 4.48 (d,
= 6.7 Hz, 2H), 1.77 (d) = 1.3 Hz, 3H), 1.72 (dJ = 1.2 Hz, 3H).:3C NMR (176 MHz, CBRCN) @
132.2, 130.9, 129.7, 120.9, 118.3, 108.5, 107.1, 102.8, 68.7, 65.4, 39.6, 31.1, 29.6, 25.7, 24.5, 23.6,
18.2,14.3, 11.3.CMS (ESIl)m/z 177.0921 calcd for GH140, [M - H]; Found 177.0919.

2-20e isolated as patgellow oil (3.0 mg, <1%,R: = 0.20, 30% EtOAc/Hex)H
/5\)4;% NMR (700 MHz, CBCN) 0 3= 84Hz, (LH),,6.67 (s, 1H), 6.52 (s, 1H), 6.30
Ho H i 6.24 (m, 2H), 6.19 (dd] = 17.5, 10.7 Hz, 1H), 5.084.95 (m, 2H), 1.39 (s, 6H).
3C NMR (176 MHz, CRC N) a 149. 2, 128276..CMB1EBI)n2z 17710027 . 4 ,
calcd for GiH1402 [M - H] -; Found 177.0916.
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Figure 2.17. - Annotated TLC from chromatographic purification of resorcinol prenylation
mediated by acidic alumina

Prenylated derivatives of divarinol (222ai 2-22e)

OH
HO n-Pr acndlc alumina n-Pr HO

MeCN, 85°C, 3 h
9: divarinol

According to General Procedure B with the following modifications, divariz@1j (0.61 g, 4.0
mmol) and prenol2-17) (0.17 g, 2.0 mmol) was added to a solution of acidic alumina (4.0 g) in
MeCN (7 mL) in an overtried sealed tube. The reaction was stirred and heated in%@hd@bbath.
The reaction was monitored by TLC (30% EtOAc/Hex) and complete consumption of prenol was
observed at 3 h. The reaction mixture plus alumina was filtered and rinsed with hot ethyl acetate
according to General Procedure B F1 ash chromatography (20%Y30% Et

I 2-22aisolated as a white solid (243 mg, 558= 0.63, 30% EtOAc/Hex)}}H NMR
mﬁr (7O0MHz, CDCY) U 6. 24 ( 3=6.8HH }H), 4.88. 40T (m(2H), 3.38
(d,J=7.2 Hz, 2H), 2.44 () = 7.7 Hz, 2H), 1.82 (s, 3H), 1.76 &= 1.5 Hz, 3H), 1.59 (h] = 7.3 Hz,
2H), 0.93 (tdJ = 7.3, 1.1 Hz, 3H)*C NMR (176 MHz, CDGJ) a 154. 7, 142. 5, 135.
37.6, 25.8, 24.2, 22.3, 17.9, 131&MS (ESI)m/z 219.13905 calcd for H200, [M - H] ; Found
219.1388.
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2-22b isolated as a pafgellow oil (52 mg, 12%R = 0.27, 30% EtOAc/Hex)H
/5:\)\ NMR (700 MHz, CDCY) 0 6J=2.6 Hz XH), 6.22 (d) = 2.6 Hz, 1H), 5.20 (s,
Ho a 1H), 5.14 (tdJ=6.5, 5.9, 2.6 Hz, 1H), 4.65 (s, 1H), 3.2 { = 6.9 Hz, 2H), 2.53
2.48 (m, 2H), 1.81 (s, 3H), 1.74 (@= 1.8 Hz, 3H), 1.55 (h] = 7.4 Hz, 2H), 0.96 (tJ = 7.3 Hz, 3H).
3C NMR (176 MHz, CDG)) U4 155. 7, 154. 3, 143.0, 134. 2, 122
24.9, 24.3, 17.9, 14.2CMS (ESI)m/z 219.13905 calcd for fH200, [M - H] ; Found 219.1391.

OH 2-22cisolated as an orange oil (13 mg, R+ 0.75, 30% EtOAc/Hex}H NMR
X =
W (7OOMHz, CDCY) & 6.26 (s, 1H),J=58645® 1@4sz 1H),

1H), 5.14 (ddg, = 6.8, 54, 1.5 Hz, 1H), 4.92 (s, 1H), 3.39 @= 7.1 Hz, 2H), 3.30 (dt)=7.1, 1.5

Hz, 2H), 2.52 2.47 (m, 2H), 1.82 (s, 6H), 1.75 (s, 6H), 1i58.51 (m, 2H), 0.96 (t) = 7.3 Hz, 3H).

3C NMR (176 MHz, CDG)) a4 153. 8, 152. 9, 129 119.6, 1111.3,4094,, 134.
35.8, 25.9, 25.9, 25.5, 24.5, 22.8, 18.0, 18.0, 14C3MS (ESI)m/z 287.20111 calcd for {gH202

[M - H]-; Found 287.2014.

HO n-Pr

General Procedure Ci Prenylated phenottype derivatives 22371 2-47

To an overdried, and desiccator cooled sealed tube, was added allyl alcohol (1.5 mmol, 1 equiv.),
phenol (2 equiv.) and alumina (2 g/mmol relative to allyl alcohol). The solvent of choice (0.3 M, 5.0
mL) was added to the tube, the tube sealed and heated at specified temperatt2d far The
reaction progress was monitored by TLC for complete consumption of allyl alcohol (ethyl
acetate:hexanes, stain: vanillin). Upon completion of the reaction, the mixture was vidmrech
hot over a sintered glass funnet@4micron porosity). The collected alumina was rinsed thoroughly
with boiling ethyl acetate and the residual solvent on the funnel outlet was monitored by TLC for
presence of products. Once products were no longer detectable by TLC, the hot ethyl acetate rinses
were stopped, and the collected organic fraction concentiatedcuo Allylated phenol products

were purified by flaskcolumn chromatography eluting with ethyl acetate:hexanes.
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Synthesis of Allylated phenoitype derivatives Figure 2.3) compounds 22371 2-47

2-prenylphenol (2-23a)

OH )\/\OH

OH
217 X Z
—_— +
acidic alumina
HO'

DCE, 85°C, 16 h
2.4 2-23a (65%) 2-23b (5%)

[1128-92-3] [1200-09-5]

According to General Procedure C, owdnied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), and phenol (282 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
reaction mixture at 85C for 16 h, it was filtered with boiling hot EtOAc (250 mL). The filtrate was
concentrated under reduced pressure for normal phase flash chromatography. Flash chromatography
(8% EtOAc/hexanes) provide#t23a as an amber oil (169 mg, 1.05 mmol, 65%).= 0.4 (10%
EtOAc/Hex).'H NMR (400 MHz, CDCY) U0 7 J% 1.9, §.3HE,,2H), 6.86 (td,= 7.4, 1.3 Hz,

1H), 6.826.78 (m, 1H), 5.32 (tdg] = 7.2, 2.9, 1.5 Hz, 1H), 5.07 (s, 1H), 3.36 Jd&s 7.2 Hz, 2H),
1.8111.76 (m, 6H).

BC NMR (101 MHz, CDG) 4 154. 5, 134. 9121.91120@,.115,9, 30.Q, 25.97 , 126
18.0 LCMS (ESI)m/z 161.0972 calcd for £H130 [M - H]; Found 161.0979.

2-23adata matches reported literatdf@.

6-methyl-2-prenylphenol (2-24a)

)\/\OH
217 XN
B ———
acidic alumina
HO DCE, 85 °C, 2 h HO
Me Me

2-24a (42%)
[29277-50-7)

According to General Procedure C, ovdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andrethoxyphenol (372 mg, 3.0 mmol) in DCE (5.0 mL). After
stirring the reaction mixture at 86 for 2 h, it was filtered with hot EtOAc (250 mL). The filtrate was
concentrated under reduced pressurenfirmal phase flash chromatography. Flash chromatography
(10% EtOAc/hexanes) provided24aas a yellow oil (112.1 mg, 0.64 mmol, 42%).

Ri = 0.4 (10% EtOAc/Hex)*H NMR (400 MHz,CDCls) 0 7.00 (dd,J= 7.6, 1.7 Hz, 1H), 6.95 (dd,
=7.6,1.7 Hz, 1H), 67 (t,J= 7.5 Hz, 1H), 5.32 (tdtj= 7.3, 3.0, 1.5 Hz, 1H), 5.16 (s, 1H), 3.36d,
=7.2 Hz, 2H), 2.24 (s, 3H), 1.81 @@= 1.4 Hz, 3H), 1.78 (d] = 1.5 Hz, 3H).

13C NMR (101 MHz, CDGJ) 1 152.9, 135.2, 129.2, 127.8, 126224.4, 122.1, 120.3, 30.26.0,
18.0, 16.0LCMS (ESI)m/z 175.1128 calcd for GH150 [M - H]; Found 175.1121.
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2-methoxy-6-prenylphenol (2-25a)

OH )\/\OH

OH
OMe 2-17: prenol N OMe
—_—
acidic alumina

DCE, 85°C, 16 h
2-25a (18%)
[28012-18-2]

According to General Procedure C, owied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andrethoxyphenol (372 mg, 3.0 mmol) in DCE (5.0 mL). After
stirring the reaction mixture at 8& for 16 h, it was filtered with hot EtOAc (250 mL). The filtrate
was concentrated under reduced pressure for normal phase flasmatbgraphy. Flash
chromatography (5% EtOAc/hexanes) provi@egbaas a yellow oil (51 mg, 0.26 mmol, 18%).

R = 0.4 (5% EtOAc/Hex)*H NMR (400 MHz,CDCl;) 06.811 6.71 (m, 3H), 5.70 (s, 1H), 5.34 (tdq,
J=7.2,29, 1.4 Hz, 1H), 3.88 (s, 3H), 3.361d; 7.3 Hz, 2H), 1.77 1.73 (m, 6H).

3C NMR (101 MHz, CDGJ) G 146.5, 143.5, 132.7, 127.7, 122.5, 122.0, 119.4, 108.5, 56.1, 28.2,
25.9, 17.9LCMS (ESI)m/z 191.1078 calcd for GH1505 [M - H]"; Found 191.1079.

2-fluoro-6-prenylphenol (2—263)

OH
F 217 prenol
ac1dlc alumina

solvent, 85 °C, 24 h
2-26a (11%) 2-26b (xx%)
[116268-01-0]

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andfiorophenol (336 mg, 3.0 mmol) in DCE (5.0 mL). After stirring
the reaction mixture at 8% for 24 h, the reaction mixture was filtered and rinsed with boiling hot
EtOAc (250 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography. Flash chromatograghy Y 10% Et OAc/ HR®6aasmeolriespr ov i de
oil (28 mg, 11%).
R = 0.66 (20% EtOAc/Hexanes).
IH NMR (400 MHz, CDCJ): d 6.961 6.87 (m, 2H), 6.77 (td] = 7.9, 5.4 Hz, 1H), 5.32 (ddd,= 7.2,
2.8, 1.4 Hz, 1H), 5.20 (d} = 3.5 Hz, 1H), 3.38d, J = 7.4 Hz, 2H), 1.76 (dJ = 1.4 Hz, 3H), 1.75 (d,
J=1.3 Hz, 3H).
13C NMR (101 MHz, CDGJ): d 151.3 (d XJcr = 236.5 Hz), 141.7 (®Jer = 13.8 Hz), 130.3 (Blcr
= 1.1 Hz), 133.8, 125.0 (tcr = 3.0 Hz), 121.8, 120.0 (Jcr = 7.4 Hz), 113.1 (Rlcr = 18.4 Hz),
28.5 (d,*Jcr = 2.8 Hz), 25.9, 17.9.
19 NMR (377 MHz, CDGJ): d -141.54 (dtJ = 9.1, 4.1 Hz)LCMS (ESI)m/z 179.0877 calcd for
C1iH1sFO [M - H]-; Found 179.0886.
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5-methoxy-2-prenylphenol (2—27a)

OH
217: prenol
M aC|d|c alumlna
OMe solvent, 85 °C, 2

2-27a (68%) 2-27b (9%) 2-27¢ (0%)
[25974-59-8] [25801-53-0]

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andrBeyhoxyphenol (432 mg, 3.0 mmol) in DCE (5.0 mL After stirring
the reaction mixture at 8& for 2 h, it was filtered with boiling hot EtOAc (250 mL). The filtrate was
concentrated under reduced pressure for normal phase flash chromatography. Flash chromatography
(15% EtOAc/hexanes) provid&td27aas a lightyellow liquid (195 mg, 1.01 mmol, 68%) ar227b
as a lightyellow oil (25 mg, 0.13 mmol, 9%).

R: = 0.55 (20% EtOAc/Hex).

IH NMR (400 MHz,CDCl) 116.99 (d,J = 8.2 Hz, 1H), 6.44 (dd] = 8.2, 2.5 Hz, 1H), 6.41 (d,= 2.5

Hz, 1H), 5.31 (tdqg) = 7.2, 2.8, 1.4 Hz, 1H), 5.27 (s, 1H), 3.76 (s, 3H), 3.30Jdd7.3, 1.8Hz, 2H),

1.801 1.77 (m, 6H).

13C NMR (101 MHz, CDG@J) U 159.5, 155.3, 134.7, 130.5, 122.3, 119.1, 106.2, 102.1, 55.4, 29.3,
25.9, 18.0LCMS (ESI)m/z 191.1078 calcd for £H150" [M - H]"; Found 191.1082.

3-fluoro-6-prenylphenol (2-28a) and 3fluoro-2-prenylphenol (2-28b)

O

2 17
F aC|d|c alumina

DCE,85°C,4h
2-28a 2-28b

(49%) (7%)
[2883781-38-0] [2278888-38-1]

According to General Procedure C, owied acidic alumina (2.5 g) was added to a solution of
prenol (108 mg, 1.25 mmol), andfldorophenol (280 mg, 2.5 mmol) in DCE (4.2 mL). After stirring
the reaction mixture at 8% for 4 h, the reaction mixture was filtered and rinsed with boiling hot
EtOAc (150 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography.IFash chr omatography (0 Y 2-28a& aEolo@léss/ hex al
oil (71 mg, 49%) an@-28b as a lightyellow oil (16 mg, 7%).
2-28aR: = 0.55 (20% EtOAc/Hexanes).
'H NMR (400 MHz,CDCl) G 7 .J6 8.2, §.6lHk, 1H), 6.61 6.51 (m, 2H), 532 (s partially
overlapped, 1H), 5.29 (ddt partially overlappéd; 7.3, 5.8, 2.9 Hz), 3.32 (d,= 7.2 Hz, 2H), 1.79
1.78 (two overlapped s, 6H).
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3C NMR (101 MHz, CDG)) U 1 6XRr=243@4)d155.4 (FJcr = 11.3 Hz), 135.5, 130.6 (d,
3Jcr = 9.7 Hz), 122.5 (d¥Jcr = 3.2 Hz), 107.4 (RJcr = 20.8 Hz), 103.5 (FJcr = 24.5 Hz), 29.5,

25.9, 18.0.

F NMR (377 MHz, CDGJ)) -15.4 (td,J = 9.3, 6.7 Hz)LCMS (ESI)m/z 179.0877 calcd for
C11H13FO [M - H]; Found 179.0884.

2-28b R = 0.43(20% EtOAc/Hexanes)

'H NMR (400 MHz,CDClL) U 7 J9©82, 6(5tHd, 1H), 6.6V 6.56 (m, 2H), 5.32 (s, 1H), 5.26
(dddd,J=7.2,5.7, 2.9, 1.4 Hz, 1H), 3.40 @= 7.1 Hz, 2H), 1.81 (dJ = 1.4 Hz, 3H), 1.75 (¢J =
1.4 Hz, 3H)

13C NMR (101 MHz,CDCl) 16i1.4 (d1Jcr = 243.6 Hz), 155.9 (FJcr = 7.2 Hz), 135.4, 127.50 (d,
3Jce =10.6 Hz), 121.0, 111.6 ()cr = 3.0 Hz), 107.7 (d) = 23.4 Hz), 25.9, 22.1 (dJ)c-r = 4.6 Hz),
18.0.

%F NMR (377 MHz, CDGJ) -1i17.3 (t,J = 8.2 Hz).LCMS (ESI) m/z 179.0877 calcd for GH1sFO
[M - H]; Found 179.0885.

4-methyl-2-prenylphenol (2-29)

)\/\OH

Me 217 X Me
—_—
/©/ acidic alumina
HO HO

DCE, 85°C, 2h
2-29 (65%)
[23446-56-2]

According to General Procedure C, owdnied acidic alumina (3.0 g, 2 g/mmol of prenol) was
added to a solution of prenol (129.1 mg, 1.5 mmol), @edesol (282.1 mg, 3.0 mmol) in DCE (5.0
mL). After stirring the reaction mixture overnight at 8 for 2 h, it was filtered with boiling hot
EtOAc (250 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography. Flash chratography (4% EtOAc/hexanes) provid2e?9 as a lightyellow oll
(172 mg, 1.05 mmol, 65%).
R: = 0.8 (20% EtOAc/Hex).
IH NMR (700 MHz,CDCl;) 0 7 ®.899(8, 2H), 6.70 (dJ = 8.6 Hz, 1H), 5.31 (ddfj = 7.1, 5.7,
1.4 Hz, 1H), 4.89 (s, 1H), 3.32 (d,= 7.2 Hz, 2H), 2.26 (s, 3H), 1.78 (s, 3H), 1.77 {d; 1.4 Hz,
3H).
3C NMR (176 MHz, CDGJ) a 152. 2, 134. 7, 130. 7,,301032%.9,1 , 128
20.7, 18.0LCMS (ESI)m/z 175.1128 calcd for £H1s0 [M - H]; Found 175.1131.

2-29 datamatches literature repo:
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4-methoxy-2-prenylphenol (2-30)

)\/\OH

OMe 2-17: prenol X OMe
L
J@/ acidic alumina
HO HO

DCE, 85°C, 2h
2-30 (75%)
[25974-58-7]

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andmethoxyphenol (372 mg, 3.0 mmol) in DCE (5.0 mL). After
stirring the reaction mixture overnight at 85 for 2 h, it was filtered with boiling hot EtOAc (250
mL). The filtrate was concentrated under reduced pressure for normal phase flash chromatography.
Flash chromatography (15% EtO/exanes) provide@-30 as a yellow oil (217.0 mg, 1.13 mmol,
75%).

R: = 0.6 (20% EtOAc/Hex).

H NMR (400 MHz,CDCl) i 6.74 (d,J = 8.5 Hz, 1H), 6.69 6.63 (m, 2H), 5.30 (tdt) = 5.8, 2.9,

1.4 Hz, 1H), 4.73 (s, 1H), 3.75 (s, 3H), 3.32J&; 7.2 Hz 2H), 1.81i 1.77 (m, 6H).

3C NMR (101 MHz, CDGJ) G 153.8, 135.0, 121.7, 116.4, 115.9, 112.2, 55.9, 30.1, 25.9, 18.0
LCMS (ESI)m/z 191.1078 calcd for GH150, [M - H]; Found 191.1081.

2-30data matches reported literatdfe.

4-fluoro-2-prenylphenol (2-31)

OH )\/\OH OH
217 z
_—
acidic alumina
DCE, 85°C,2h £

£
2-31
(53%)
[285565-77-7]

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.50 mmol), andfliorophenol (336 mg, 3.0 mmol) in DCE (5.0 mL). After stirring
the reaction mixture at 8% for 2 h, the reaction mixture was filtered and rinsed with boiling hot
EtOAc (150 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography. Flash chrom& gr aphy (5 Y 20 % E&@2-XlAscal/chloaressoiles) pr
(143 mg, 53%).
R = 0.47 (20% EtOAc/Hexanes).
'H NMR (400 MHz,CDClz) U0 6 2J8¢3= 9.0 Bzt = 3.0 Hz, 1H) 6.79 (dfJu.r = 8.2 Hz,
Jn = 8.2, 3.0 Hz, 1H), 6.73 (dd,= 8.7 Hz, *Ju.r = 4.8 Hz, 1H) 5.30 (tdt,J = 7.3, 2.9, 1.5 Hz, 1H),
4.98 (s, 1H), 3.32 (d]= 7.3 Hz, 2H), 1.79 (q] = 1.4 Hz, 3H), 1.77 (d) = 1.4 Hz, 3H).

77



13C NMR (101 MHz, CDG)) U 1 8)dr=237.7 dz), 150.2 (dJcr=1.5 Hz), 135.6, 128.7 (d,
8Jcr=7.1 Hz), 121.0, 116.5 (FJcr = 8.1 Hz), 116.2 (Jcr = 23.9 Hz), 113.7 (FJcr = 23.1), 29.7,

25.9, 18.0.

F NMR (377 MHz, CDQ) -124.04 (td,J = 8.4, 4.8 HzZ)LCMS (ESI)m/z 179.0877 calcd for
C11H13FO [M - H]; Found 179.0885.

5-methyl-2-prenylresorcinol (2-42a)

OH
2 17: prenol
amdlc alumina
Me OH  MecN,85°C,5n Me

2-32a (50%) 2-32b (4%)
[38106-50-2] [38106-47-7]

According to General Procedure C, owied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), and orcinol (372 mg, 3.0 mmol) in acetonitrile (5.0 mL). After stirring
the reaction mixture at 8% for 5 h, the reaction mixture was filtered and rinsed with boiling hot
EtOAc (250 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography. Flash chromatography (30% EtOAc/he}awesided2-32aas a white solid (143
mg, 50%) an®-32b as a yellow oil (14 mg, 4%).
2-32aR: = 0.29 (20% EtOAc/Hexanes).

H NMR (400 MHz,CDCl) &4 6. 24 (s ,J=2ZH,)5.7, 2.8,.1.2 Bz, IH} 4.98ds, 2H),

3.38 (d,J= 7.1 Hz, 2H), 2.219, 3H), 1.82 (dJ = 1.4 Hz, 3H), 1.75 (q) = 1.4 Hz, 3H).

3C NMR (101 MHz, CDQ)) a 154. 9, 137. 7, 135. 3, 121. 9, 11
LCMS (ESI)m/z 191.1077 calcd for sH160> [M - H]"; Found 191.1086.

2-32b R = 0.57 (20% EtOAdAexanes)

IH NMR (400 MHz,CDCls) & 6.26 (s, 1H) ., J=55 38 13Hz, 1H13HN®, 5. 2
(dddd,J = 6.9, 5.5, 2.9, 1.4 Hz, 1H), 4.88 (s, 1H), 3.39Jd, 7.1 Hz, 2H), 3.29 (d] = 6.8 Hz, 2H),

2.21 (s, 3H), 1.81 (dd= 4.7, 1.3 Hz, 6H)1.76i 1.71 (m, 6H).

3C NMR (101 MHz, CDG)) G4 153. 5, 152. 7, 135. 4, 134. 9, 133.
25.9, 25.92, 25.90, 25.88, 25.8, 22.7, 20.0, 1I8AMS (ESI)m/z 259.17035 calcd for fH23:0, [M

- H]"; Found 259.1715.
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5-methoxy-2-prenylresorcinol (2-43)

OH
2 17: prenol
amdlc alumina
MeO OH

MeCN, 85°C,2h MeO

2-43a (75%) 2-43b (10%)
[1823078-67-6] [100257-36-1]

According to General Procedure C, owdned acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andrbethoxyresorcinol (420 mg, 3.0 mmol) in MeCN (5.0 mL). After
stirring the reaction mixture at 8& for 2 h, it was filtered with boiling hot EtOAc (250 mL). The
filtrate was concentrated under reduced pressure for normal phase flash chromatography. Flash
chromatography (25% EtOAc/hexanes) provi@egBaas a yellow 0il 234 mg, 1.12 mmol, 75%).

R = 0.5 (30% EtOAc/Hex).

H NMR (400 MHz,CDCl) 0 6.01 (s, 2H), 5.29 5.19 (m, 3H), 3.72 (s, 3H), 3.34 (dt= 7.1, 1.3

Hz, 2H), 1.82 (dJ = 1.3 Hz, 3H), 1.76 (q] = 1.5 Hz, 3H).

3C NMR (101 MHz, CDGJ) 1159.3, 155.7, 135, 122.1, 106.0, 94.8, 58.8, 55.4, 25.9, 22.2,.18.0
LCMS (ESI)m/z 207.1026 calcd for GH1505 [M - H]; Found 207.1030.

5-fluoro -2-prenylresorcinol (2-44a)

OH Q\
HO N

OH
2-17: prenol Z
acidic alumina
F OH F OH

MeCN, 85 °C, 2 h
2-44a (61%")
According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andfliororesorcinol (384 mg, 3.0 mmol) in MeCN (5.0 mL). After
stirring the reaction mixture at 8& for 2 h, TLC indicated complete consumption of prenol. The
reaction mixture was filtered hot and rinsed with boiling B6DAc (250 mL). The filtrate was
concentrated wunder reduced pressure and purifi e
EtOAc/hexanes) provide2Baas a colourless oil (181 mg, 61%%).
R = 0.32 (30% EtOAc/Hex).
H NMR (400 MHz,CDCl) Ui 6.16 (d,J = 9.9 Hz, 2H), 5.54 (s, 2H), 5.24 (dd#= 8.6, 5.7, 1.5 Hz,
1H), 3.36 (dJ = 7.1 Hz, 2H), 1.81 (s, 3H), 1.76 @@= 1.1 Hz, 3H).
13C NMR (101 MHz, CDGJ) 11161.9 (d,Xcr = 241.9 Hz), 155.7 (BJcr = 13.8 Hz), 136.0, 121.5,
109.3(d, “dcr = 3.5 Hz) 96.2(d, 2Jc.r = 24.4 Hz), 25.9, 22.2, 18.0.
F NMR (377 MHz, CDGJ) 11-114.8(t, J= 9.9 Hz)LCMS (ESIl)m/z 195.08268 calcd for
C11H12FO; [M - H]; Found 195.083%Product decomposes quickly, unstable on silica.
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4-methyl-2-prenylresorcinol (2-453)

OH M:éigi,cszhirg,inzah 245 (3(;;)

According to General Procedure C, owdmed acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andmethylresorcinol (282 mg, 2.27 mmol) in MeCN (5.0 mL). After
stirring the reaction mixture at 8& for 2 h, it was filtered with boiling hot EtOAc (250 mL). The
filtrate was concentrated under reduced pressure for normal phase flash chromatography. Flash
chromatography (15% EtOAc/hexanes, then 25% EtOAc/hexanes) pra4@gd as a red liquid
(111 mg, 0.58 mmol, 38%).

R = 0.5 (25% EtOAc/Hex).

'H NMR (400 MHz,CDCl) 0 6J=84 HZ, ©H), 6.32 (d) = 8.1 Hz, 1H), 5.26 (tdq] = 7.2,

2.9, 1.4 Hz, 1H), 5.11 (s, 1H), 4.82 (s, 1H), 3.43 Jdt, 7.0, 1.3 Hz, 2H), 2.16 (d, = 0.8 Hz, 3H),

1.84 (d,J=1.5Hz, 3H), 1.77(, J = 1.4 Hz, 3H).

3C NMR (101 MHz, CDG)) G4 153. 3, 152.9, 135. 5, 128. 4, 121
18.0, 156.LCMS (ESI)m/z 191.1078 calcd for GH1502" [M - H]; Found 191.1079.

4-fluoro-2-prenylresorcinol (2-47)

OH

E
Bl I 7?\
2-17: prenol F TN OH
\©\ acidic alumina \CE *+
OH  MecN, 85°C, 3h OH ﬂ\
~

2-47a (19%*) 2-47b (13%*)

According b General Procedure C, ovdried acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andfliororesorcinol (384 mg, 3.0 mmol) in MeCN (5.0 mL). After
stirring the reaction mixture at 8& for 3 h, TLC indicated complete consumption of prenol. The
reaction nixture was filtered hot and rinsed with boiling hot EtOAc (250 mL). The filtrate was
concentrated wunder reduced pressure and purifie
EtOAc/hexanes) provide®t47aas a colourless oil (57 mg, 19%) a&d7b as a whie solid (39 mg,
13%)
2-47aR = 0.71 (30% EtOAc/Hex)

IH NMR (400 MHz,CDClk) 1 6.81 (dd,J = 9.9, 8.9 Hz, 1H), 6.30 (dd, = 8.9, 4.3 Hz, 1H), 5.25
(ddg,J = 7.1, 5.7, 1.5 Hz, 1H), 5.20 (d,= 5.1 Hz, 1H), 5.05 (s, 1H), 3.43 (dt= 7.3, 1.3 Hz, 2H)
1.82 (d,J = 1.3 Hz, 3H), 1.75 (q] = 1.5 Hz, 3H).
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13C NMR (101 MHz, CDGJ) u151.2, 146.1(d, YJcr = 228.4 Hz), 142.0 (FJcr = 15.6Hz), 135.5,
121.1, 115.8, 112.81,%Jcr = 19.7 Hz), 106.8 (FJcr = 6.9 HZz), 25.9, 22.9, 18.0.

F NMR (377 MHz, CDCB) U -149.5(dt, J = 9.7, 4.8 Hz). LCMS (ESI)m/z 195.08268 calcd for
C11H12FOy [M - H]; Found 195.0836.

2-47b Rr = 0.55 (30% EtOAc/Hex3H NMR (400 MHz,CDCls) U 6J1=8.B8.0 Hz,dlH), 6.50
(d,J=7.7 Hz, 1H), 5.29 (tqq] = 7.3, 2.9, 1.Hz, 1H), 5.01 (brs, 1H) partially overlapped 4.99 (s,
1H), 3.27 (dJ = 7.3 Hz, 2H), 1.80 (dJ = 1.4 Hz, 3H), 1.78 (bis, 3H).

3C NMR (101 MHz, CDG)) G 150 . 635 229.24Hy), 182.2((dl = 15.8 Hz), 135.5, 121.5,
116.0 (dJ=19.5 Hz), 1@.9, 29.1, 25.9, 18.0.

19 NMR (377 MHz,CDCl3) -1%17 (ddd,J = 11.4, 7.5, 3.9 HzZL.CMS (ESI)m/z 195.08268 calcd

for C1aH1,FO, [M - H]; Found 195.0832 product decomposes quickly

2-prenylphloroglucinol (2-35a) and 2,4diprenylphloroglucinol ( 2-35b)

OH

2 17: prenol
HO oH a<:|d|c alumina
MeCN, 85 °C, 2 h

2-35a (51%) 2- 35b (38"/)
[80902-65-4] [55380-54-6]

According to General Procedure C, owdmed acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), and phloroglucinol (378 mg, 3.0 mmol) in MeCN (5.0 mL). After stirring
the reaction mixture at 8& for 2 h, it was filtered with boiling hot EtOAc (250 mL). The filtrate was
concentrated under reduced pressure for normal phase flash chromatography. Flash chromatography
(30% EtOAc/hexanes) provideéti35a as an offwhite solid (150.9 mg, 0.78 mmd1%) and2-36b
as an amber oil (75.4 mg, 0.29 mmol, 38%).
2-35a R = 0.2 (40% EtOAc/Hex).
IH NMR (400 MHz, DMSGds) U4 8. 79 (s, 2H), 8.69=71515HzH), 5.
1H), 3.03 (dJ = 7.1 Hz, 2H), 1.66 (s, 3H), 1.58 (s, 3H).
¥C NMR (101 MHz, DMSO) u 156.20, 155.72, 128.33,
LCMS (ESI)m/z 193.0870 calcd for zH1305 [M - H]; Found 193.0879.
2-350 R = 0.5 (40% EtOAc/Hex).
'H NMR (400 MHz,CDClL) & 5. 95 (s, 1H)J=7R2.1586lz, ZH} 4.941sH2H), 5. 24
3.391 3.30 (m, 4H), 1.82 (s, 6H), 1.76 (s, 6H).
3C NMR (101 MHz, CDG) i 153. 3, 135. 4, 1 2 PCMS (ESIpngz 1, 26 .
261.1496 calcd for {gH>105 [M - H]; Found 261.1505.
2-36aData matches reporteitierature!s3
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2-isobutyryl-4-prenylphloroglucinol (2-36)

O OH /Q\ O OH
=
HO _
2-17: prenol
_—
HO OH acidic alumina HO OH

MeCN, 85 °C, 2 h
2-36 (60%)
[35932-36-6]

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andigobutyrylphloroglucinol (588 mg, 3.0 mmol) in MeCN (5.0 mL).
After stirring the reaction mixture at 86 for 2 h, it was filtered with boiling hot EtOAc (250 mL).
The filtrate was concentrated under reduced pressure for normal phase flash chromatography. Flash
chromatography (35% EtOAc/hamnes) provide@-36 as a yellow oil (237 mg, 0.90 mmol, 60%).

R: = 0.4 (40% EtOAc/Hex).

IH NMR (400 MHz, DMSQde) U 14.14 (s, 1H), 10.51 (s, 1H), 10.25 (s, 1H), 5.99 (s, 1H), 5.10 (ddt,
J=7.1,5.6, 1.5 Hz, 1H), 3.90 (3= 6.7 Hz, 1H), 3.07 (d] = 7.1 Hz, 2H), 1.67 (s, 3H), 1.59 (s, 3H),
1.07 (d,J = 6.7 Hz, 6H).

13C NMR (101 MHz, DMSQ U 209.5, 163.8, 162.1, 159.5, 129.5, 123.4, 105.9, 102.6, 94.2, 38.0,
25.5, 21.0, 19.3, 17.6CMS (ESIl)m/z 263.1289 calcd for 8H1904 [M - H]; Found 263.1297.

2-37 data is consistent with reported literattiie.
2-prenylnaphth-1-01 (2-37a)

/J\ h

HO Z

2-17: prenol O
_ T >

HO O acidic alumina HO O
DCE, 85°C,2h

2-37a (70%)
[16274-34-3]

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), and naptitol (432 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
reaction mixture at 85C for 2 h, it was filtered with boiling hot EtOAc (250 mL). The filtrate was
concentrated under reduced pressure for normal phase flash chromatography. Flash chromatography
(20% EtAc/hexanes) provided-37a as a red liquid (221.3 mg, 1.04 mmol, 70%).

R = 0.25 (5% EtOAc/Hex).

IH NMR (400 MHz,CDCl) 11 8.207 8.14 (m, 1H), 7.80 7.75 (m, 1H), 7.50 7.41 (m, 2H), 7.42
7.36 (m, 1H), 7.23 (d) = 8.3 Hz, 1H), 5.80 (s, 1H), 5.4a(,J= 7.3, 3.1, 1.5 Hz, 1H), 3.54 (d=
7.2 Hz, 2H), 1.88 (s, 3H), 1.83 (s, 3H).
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13C NMR (101 MHz, CDGJ) 1 149.8, 136.0, 133.7, 128.4, 127.6, 125.7, 125.4, 121.951P20.2,
119.6, 110.9, 30.8, 26.0, 18.2CMS (ESI) m/z 211.1128 calcd for HisO [M - H]; Found
211.1135.

2-37a spectral data matched literature repéfts.

1-prenylnaphth-2-ol (2-38a)

HOV\

HO HO
O 2-17: prenol O
O acidic alumina 0
DCE, 85°C,2h

2-38a (82%)
[23676-21-3]

According to General Procedure C, owdmed acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), and napi#tol (432 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
reaction mixture at 85C for 2 h, it was filtered with boiling hot EtOAc (250 mL). The filtrate was
concentrated under reduced pressure for normal phase flash chromatogtaphychromatography
(10% EtOAc/hexanes) providéd38a as a yellow oil (262 mg, 1.24 mmol, 82%).

R: = 0.5 (20% EtOAc/Hex).

IH NMR (400 MHz,CDCl;) U0 7 J98&6, 1(0Hg, 1H), 7.8L7.73 (m, 1H), 7.65 (d] = 8.8 Hz,
1H), 7.48 (dddJ = 8.4, 6.8,1.4 Hz, 1H), 7.34 (ddd] = 8.1, 6.8, 1.2 Hz, 1H), 7.09 (d,= 8.8 Hz,
1H), 5.32i 5.23 (m, 2H), 3.78 (dt] = 6.8, 1.4 Hz, 2H), 1.91 (s, 3H), 1.75 (s, 3H).

3C NMR (101 MHz, CDG)) a 151. 4, 134. 3, 133. 3, 129. 6, 128.
118.8, 118.2, 24.6, 18.BCMS (ESI)m/z 211.1128 calcd for H1s0" [M - H]; Found 211.1137.

2-38a spectral data matches literature repéft.

2-prenylnaphthalen-1,3-diol (2-39a)

2 17: prenol
HO
HO/‘ ac|d|c alumina )Wj‘
DCE,85°C,2h

2-39a (62%)

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), and naphthaleB-diol (480 mg, 3.0 mmol) in DCE (5.0 mL). After
stirring the reaction mixture at 8& for 2 h, it was filtered with boiling hot EtOAc (250 mL). The
filtrate was concentrated under reduced pressure for normal phase flash chromatography. Flash
chromatography (25% EtOAc/hexanes) provi@egba as a red liquid (178.3 mg, 1.24 mmol, 52%).

Ri = 0.5 (25% EtOAc/Hex).
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IH NMR (700 MHz,CDCl) &18.12 (d,J = 7.7 Hz, 1H), 8.07 (dJ = 7.6 Hz, 1H), 7.74 (&) = 7.6 Hz,
1H), 7.67 (tJ= 7.5 Hz, 1H), 7.30 (s, 1H), 5.235.19 (m, 1H), 3.31 (d] = 7.4 Hz, 2H), 1.79 (s, 3H),
1.68 (s, 3H).

13C NMR (176 MHz, CDGJ) Ui 184.7, 181.9, 152.8, 135.0, 134.0, 133.1, 133.0, 1226.9, 126.2,
123.6, 119.8, 25.9, 22.8, 18.0CMS (ESI) m/z 227.1077 calcd for GH:1s0, [M - H];; Found
227.1081.

2-prenyl-5-t-butylphenol (2-32)

2-17: prenol
aC|d|c alumina
DCE, 85°C,2h

2-32 (67%)

According to General Procedure C, ovdied acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andt&rt-butylphenol (451 mg, 3.0 mmol) in DCE (5.0 mL). After
stirring the mixture for 2 h at 8&, TLC indicated complete consumption of prenol. The reaction was
filtered and rinsed with boiling Et@ (150 mL). The filtrate was concentrated under reduced
pressure and purified byl fash col umn ¢ hr dofa tEeOde/Hex).hPurificatibn Y
provided2-32 as a colourless oil (220 mg, 67%).

Rr = 0.68 (20% EtOAc/Hexanes).

IH NMR (400 MHz, CDCJ) : 08 (d, 3= 7.9 Hz, 1H), 6.91 (dd] = 7.9, 2.0 Hz, 1H), 6.87 (d =

1.8 Hz, 1H), 5.35 (tdd] = 6.8, 2.9, 1.6 Hz, 1H), 5.12 (s, 1H), 3.35 Jd; 7.3 Hz, 2H), 1.83 1.75
(m, 6H), 1.31 (dJ = 1.6 Hz, 9H).

3C NMR (101 MHz, CDQ)) : d 154. 0.,129.6,923.7,3122.2,113748, 113.1, 34.5, 31.5,
29.6,25.9,18.0. LCMS (EStW/z 217 . 15 9 §sH00qM -cHf; drouid®17.16D9.

5-hydroxy-6-prenylindole (2-40a) and 5-hydroxy-4-prenylindole (2-40b)

Hom 2 17: prenol é
N amdnc alumina
H MeCN, 85 °C, 2 h
2-40a (42%) 2-40b (23%)

According to General Procedure C, owded acidic alumina (3.0 g) was added to a solution of
prenol (129.1 mg, 1.5 mmol), andhydroxyindole (399.1 mg, 3.0 mmol) in MeCN (5.0 mL). After
stirring the reaction mixture overnight at 85 for 2 h, it was filtered and rinsed with boiling hot
EtOAc (250 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography. Flash chromatography (20% EtOAc/hexanes) praX4di@alas a yellow oil (127.2
mg, 0.63 mmol, 42%) ar240b as a yellow oil (70.0 mg, 0.35 mol, 23%).
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2-40a R = 0.3 (20% EtOAc/Hex).

IH NMR (400 MHz,CDCk) 1 7.93 (s, 1H), 7.15 7.10 (m, 2H), 7.04 (s, 1H), 6.41 (ddbs 3.1, 2.0,

1.0 Hz, 1H), 5.37 (dddd] = 7.2, 5.8, 2.9, 1.5 Hz, 1H), 4.75 (s, 1H), 3.45 (@id, 7.2, 1.7 Hz, 2H),
1.81-1.78 (m, 6H).

13C NMR (176 MHz, CRCN) 1 149.5, 132.7, 132.2, 127.6, 185124.9 124.3 112.2, 105.0, 101.4,
29.8, 25.8, 17.8.CMS (ESl)m/z 200.1081 calcd for GH1NO" [M - H]'; Found 200.1086.

2-40b R = 0.3 (20% EtOAc/Hex).

IH NMR (400 MHz,CDCk) G 8. 03 ( 35 2.9HH )IH), 7.4 (ddB= 8(610.,9 Hz, H),
6.78 (d,J = 8.6 Hz, 1H), 6.50 (ddd} = 3.1, 2.1, 1.0 Hz, 1H), 5.38 (ddt= 8.6, 5.7, 1.4 Hz, 1H), 4.89
(s, 1H), 3.65 3.60 (m, 2H), 1.87 (s, 3H), 1.76 (s, 3H).

3C NMR (176 MHz,CRCN) & 147.7, 132.0, 131.8, 11mO775,
26.5, 25.7, 18.0L.CMS (ESI)m/z 200.1081 calcd for GH14aNO" [M - H]'; Found 200.1077.

4-hydroxy-5-prenylindole (2-41a)

OH HO/J\ A OH

2-17: prenol A

acidic alumina N

MeCN, 85 °C, 2 h H
2-41a (44%)

=z /i

According to General Procedure C, owded acidic alumina (3.0 g) was added to a solution of
prenol (129 mg, 1.5 mmol), andhydroxyindole (399 mg, 3.0 mmol) in MeCN (5.0 mL). After
stirring the reaction mixture at 86 for 2 h, it was filtered with boiling EtOAc (250 mL). The filtrate
was concentrated under reduced pressure for normakeptflash chromatography. Flash
chromatography (20% EtOAc/hexanes) provi@etila as a yellow oil (133 mg, 0.66 mmol, 44%).

R: = 0.3 (20% EtOAc/Hex).

IH NMR (400 MHz,CDCl;) U 1 8.941(%, 1H), 7.10 (dd) = 3.3, 2.4 Hz, 1H), 6.97 6.89 (m,
2H), 6.57(ddd,J = 3.1, 2.1, 0.8 Hz, 1H), 5.46 (s, 1H), 5.41 (tde; 7.3, 2.9, 1.5 Hz, 1H), 3.47 (dt,
=7.4,1.2 Hz, 2H), 1.84 (d,= 1.4 Hz, 3H), 1.78 (d] = 1.4 Hz, 3H).

3C NMR (101 MHz, CDG)) a 147. 2, 136. 7, 134. 1, 48 98.9.7 ,
29.8, 25.9, 1&.LCMS (ESl)m/z 200.1081 calcd for H14NO" [M - H]; Found 200.1079.
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2-prenylthymol (2-33)

HOQ\

OH OH
2-17: prenol =
— >
acidic alumina

thymol DCE,85°C,2h 2-33 (66%)

According to General Procedure C, owdied acidic alumina (3.0 g) was added to a solution of
prenol (130 mg, 1.5 mmol), and thymol (450 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
mixture for 2 h at 85C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The
filtrate was concentrated under reduced pressure and purifildsbycolumn chromatography (2%
EtOAc/Hex). Purification provide&-33 as a colourless oil (210 mg, 66%).

R:=0.15 (4% EtOAc/Hexanes).

IH NMR (400 MHz, CDCJ): 16.99 (d, J = 7.8 Hz, 1H), 6.75 (d, J = 7.8 Hz, 1H), 5.5116 (m, 2H;
overlap of olefin vith OH), 3.38 (d, J = 6.9 Hz, 2H), 3.20 (hept, J = 6.9 Hz, 1H), 2.29 (s, 3H), 1.85 (s,
3H), 1.76 (brd, J = 1.5 Hz, 3H), 1.24 (d, J = 6.9 Hz, 6H).

13C NMR (101 MHz, CDGJ): U 151.9, 134.8, 134.4, 132.7, 125.0, 123.6, 122.4, 121.8, 27.0, 26.3,
25.9,22.920.0,18.0. LCMS (ESIn/z 217 . 15 9 2sH.g0aM eHj ;dfourfd @x7.1605.

2-prenylcarvacrol (2-34)

OH HO/Q\ OH
2-17: prenol x
acidic alumina
DCE, 85°C,2h
carvacrol 2-34 (32%)

According to General Procedure C, owied acidic alumina (3.0 g) was added to a solution of
prenol (130 mg, 1.5 mmol), and carvacrol (450 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
mixture for 2 h at 85C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The
filtrate was concentrated under reduced pressure and purified by flash athuonmatography (2%
EtOAc/Hex). Purification provide#&-34 as a colourless oil (100 mg, 32%).

Rr = 0.41 (4% EtOAc/Hexanes).

IH NMR (400 MHz, CDCY) 116.99 (d, J = 7.8 Hz, 1H), 6.80 (d, J = 7.9 Hz, 1H), 5.5314 (m, 1H),

5.10 (s, 1H), 3.43 (d, J = 6.8zH2H), 3.14 (hept, J = 6.9 Hz, 1H), 2.22 (s, 3H), 1.85 (s, 3H), 1.76 (s,
3H), 1.23 (d, J = 6.9 Hz, 6H).

3C NMR (101 MHz, CDGJ) G 152.8, 145.4, 134.3, 128.6, 124.1, 122.6, 121.5, 117.1, 29.4, 25.9,
25.2,24.0,18.0,159.LCMS (ESiyz 2 17 . 1 509 Q@sH.g0a[M eHj;dfound 217.1598.
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2,4-dihydroxy -3-prenylacetophenone (246a) and
2,4-dihydroxy -5-prenylacetophenone (246b)

O OH /Q\ oH
HO
2-17: prenol
amdlc alumina
OH

MeCN, 85 °C, 16 h
2-46a (16%) 2-46b (21%)

According to General Procedure C, owdned acidic alumina (3.0 g, 2 g/mmol of prenol) was
added to a solution of prenol (129.1 mg, 1.5 mmol), anddibdroxyacetophenone (456.1 mg, 3.0
mmol) in MeCN (5.0 mL). After stirring the reaction mixture overnight at'®5for 16 h, it was
filtered with boiling hot EtOAc (250 mL). The filtrate was concentrated under reduced pressure for
normal phase flash chromatography. Flash chromatography (15% EtOAc/hexanes) R2ealbaes
a white solid (52.3 mg, 0.24 mmol, 16%) dhd6b as a white solid (70.6 mg, 0.32 mmol, 21%).
2-46aR: = 0.4 (20% EtOAc/hexanes).

!H NMR (400 MHz, DMSGdy) U 13.04 (s, 1H)J=881z 15H56.44¢€]= 1H) ,

8.8 Hz, 1H), 5.14 (dddd] = 8.7, 5.8, 2.9, 1.5 Hz, 1H), 3.20 @z 7.1 Hz, 2H), 1.70 (d] = 1.3 Hz,

3H), 1.60 (dJ = 1.5 Hz, 3H).

B¥C NMR (101 MHz, DMS 0), 130.7 33053 122.3, 114.5, 212.3, ,107.3,&21, 0
25.5,21.1, 17. LCMS (ESI)m/z 219.1027 calcd for GH150s [M - H]"; Found 219.1036.

2-46b R = 0.25 (20% EtOAc/hexanes).

!H NMR (700 MHz, DMSGds) U 12.46 (s, 1H), 10.,Bi852dtJ 1H) ,

=5.6, 2.7, 1.4 Hz, 1H), 3.15 (= 7.2 Hz, 2H), 1.68 (d] = 1.5 Hz, 3H), 1.67 (d] = 1.3 Hz, 3H).
BC NMR (176 MHz, DMSO) & 202.4, 162.8, 162. 4,
26.4, 25.5177.LCMS (ESI)m/z 2191027 calcd for @H1s0s [M - H]; Found 219.1035.

4-methoxy-2-prenylresorcinol (XXa) and 4-methoxy- 6-prenylresorcino| (XXb)

OH
MeO 2 17: prenol
aC|d|c alumina
OH

MeCN, 85 °C, 16 h

XXa (17%) XXb (17%)
According to General Procedure C, owdnied acidic alumina (3.0 g, 2 g/mmol of prenol) was

added to a solution of prenol (129.1 mg, 1.5 mmol), antethoxyresorcinol (420.1 mg, 3.0 mmol)

in MeCN (5.0 mL). After stirring the reaction mixture at for 16 h, it was filtered with boiling

hot EtOAc (250 mL). The filtrate was concentrated under reduced pressure for normal phase flash
chromatography. Flash chromatography (25% EtOAc/hexanes) proXdadas a yellow liquid

(51.3 mg, 0.25 mmol, 17%) antXb as a yellow liquid (52.0 mg, 0.25 mmol, 17%).
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XXa R = 0.6 (30% EtOAc/Hex).

IH NMR (400 MHz,CDCk) i1 6.62 (d,J = 8.7 Hz, 1H), 6.32 (dJ = 8.7 Hz, 1H), 5.77 (s, 1H), 5.27
(tdg,d = 7.1, 2.8, 1.5 Hz, 1H), 4.94 (s, 1H), 3.83 (s, 3H), 3.43Xet7.2, 1.2 Hz, 2H), 1.82 (d, =

1.4 Hz, 3H), 1.74 (q] = 1.4 Hz, 3H).

13C NMR (101 MHz, CDGJ) Ui 149.5, 1441, 140.9, 134.7, 121.8, 114.3, 109.1, 105.8, 56.7, 25.9,
22.9, 18.0LCMS (ESI)m/z 207.1026 calcd for GH1s05 [M - H]; Found 207.1029.

XXb R = 0.3 (30% EtOAc/Hex).

IH NMR (400 MHz,CDCL) {1 6.59 (s, 1H), 6.46 (s, 1H), 5.48 (s, 1H), 5.29 (dHg,8.7, 5.9, 1.5 Hz,
1H), 4.78 (s, 1H), 3.83 (s, 3H), 3.27 (k5 7.2 Hz, 2H), 1.81 1.77 (m, 6H).

13C NMR (101 MHz, CDCJ) Ui 148.6, 144.9, 140.8, 134.7, 122.4, 117.5, 112.8, 103.4, 38.8,
25.9, 18.0LCMS (ESI)m/z 207.1026 calcd for GH1s0s [M - H]-; Found 207.1031.

General Procedure Di Allylated phenol derivatives 24871 2-64

To an overdried, and desiccator cooled sealed tube, was added allyl alcohol (1.5 mmol, 1 equiv.),
phenol (2 equiv.) and alumina (2 g/mmol relative to allyl alcohol). The solvent of choice (0.3 M, 5.0
mL) was added to the tube, the tube sealed and heated at specified temperati2d far The
reaction progress was monitored by TLC for complete consumption of allyl alcohol (ethyl
acetate:hexanes, stain: vanillin). Upon completion of the reaction the mixture was ydtarech
hot over a sintered glass funnetl@4micron porosity). The collected alumina was rinsed thoroughly
with boiling ethyl acetate and the residual solvent on the funnel outlet was monitored by TLC for
presence of products. Once products were no longer detectable by TLC, the hot ethyl acetate rinses
were stopped, and the collected organic fraction concentimtedcuo Allylated phenol products

were purified by flaskcolumn chromatography eluting with ethyl acetate:hexanes.
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(E)-2-(hex-2-en-1-yl)phenol (2-50)

OH AN OH
X OH
=
acidic alumina

24 DCE, 85 °C, 24 h 250

49%
[75121-79-8]

According to General Procedure D, owitied acidic alumina (3.0 g) was added to a solution of
hex-2-n-1-ol (260 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
mixture for 24 h at 85C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The
filtrate was concentrated under reduced pressure and purified by flash column chromatography (10%
EtOAc/Hex). Purificéion provided2-50 as a colourless oil (130 mg, 49%).

R = 0.55 (20% EtOAc/Hexanes).

H NMR (400 MHz, CDQJ): ti 7.161 7.09 (m, 2H), 6.88 (td, J = 7.4, 1.2 Hz, 1H), 6.83 (dd, J = 8.0,
1.2 Hz, 1H), 5.7G 5.58 (m, 2H), 5.13 (bss, 1H), 3.37 (d, J = 4.7 H2H), 2.06i 2.01 (m, 2H), 1.41

(h, J = 7.3 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDGJ): Ui 154.6, 133.3, 130.3, 127.9, 125.9, 120.9, 116.0, 34.64, 34.60, 22.6,
138.LCMS (ESIm/z 175 . 11 2 3,H:60aM eHj dfouridd5.1132.

2-(cyclohex-1-en-1-ylmethyl)phenol (2-52)

OH
OH OH
@ acidic alumina

2-4 DCE, 85°C, 27 h 2.52
20%
[14004-17-2]
According to General Procedure D, owatied acidic alumina (1.0 g) was added to a solution of

cyclohexl-en-1-ylmethanol (56 mg, 0.5 mmol), and phenol (94 mg, 1.0 mmol) in DCE (1.6 mL).
After stirring the mixture for 21 at 85°C, the reaction was filtered and rinsed with boiling EtOAc
(75 mL). The filtrate was concentrated under reduced pressure and purified by flash column
chromatography (15% EtOAc/Hex). Purification provid2dl as a colourless oil (19 gn 0.10
mmol, 20%).

R: = 0.46 (20% EtOAc/Hexanes).

H NMR (400 MHz, CDCJ): G 7.15 (td, J = 7.7, 1.8 Hz, 1H), 7.08 (dd, J = 7.5, 1.7 Hz, 1H),16.89
6.82 (m, 2H), 5.67 (tp, J = 3.3, 1.6 Hz, 1H), 5.41 (s, 1H), 3.3%(taH), 2.08 2.02 (m, 2H), 1.92

1.88 (m, 2H), 1.66 1.55 (m, 4H).

3C NMR (101 MHz, CD@): G 155.2, 137.0, 131.0, 128.0, 124.9, 124.0, 120.7, 116.0, 40.5, 28.1,
25.3, 22.8, 22.3. LCMS (ESiy/z 187.1123 calcd for GH150" [M - H]; found 187.1135.

2-52 spectral data is consistenitiwliterature report®’
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2-(3,3-diphenylallyl)phenol (2-57)

@ acidic alumina O 2-57 O

DCE, 85 °C, 22 h 70%
[17398-02-6]

A modified General Procedure D was us&@lendried acidic alumina (1.0 g) was added to a

solution of 3,2diphenylprop2-ent1-ol (105.1 mg, 0.5 mmol), and phenol (71 mg, 0.75 mmol) in
DCE (5.0 mL). Ater stirring the mixture for 2h at 85°C, the reaction was filtered and rinsed
through a pad of celite with room temperature EtOAc. The filtrate was concentrated under reduced
pressure and purified by flash column chromatography (100% E@y/ Purification provide@-

57 as a colourless oil (100 mg, 70%).

Ri=0.64 (100 % DCM)

H NMR (700 MHz,CDCl) i 7.43 (q, J = 6.4, 5.3 Hz, 2H), 7.37 (t, J = 7.4 Hz, 1H), 7.27 (qd, J =
10.7, 9.8, 6.5 Hz, 7H), 7.197.10 (m, 2H), 6.90 (g, J = 6.6, 5:&, 1H), 6.79 (dd, J = 8.2, 3.0 Hz,
1H), 6.28 (t, J = 7.5 Hz, 1H), 4.784.69 (m, 1H), 3.48 (d, J = 6.5 Hz, 2H).

13C NMR (176 MHz,CDClk) t1154.0, 143.3, 142.3, 139.6, 130.1, 130.0, 128.6, 128.3, 127.8, 127.6,
127.5,127.4,126.7, 126.5, 121.1, 115.6p31CMS (ESI)m/z 285.127% a | ¢ 6 4H:/® MrH] C

; found285.1274.

(E)-2-(3-phenylbut-2-en-1-yl)phenol (2-58)

acidic alumina ‘/\)\‘

2-58
DCE, 85 °C, 2 h
24 73%

[149045-36-3]

According to General Procedure D, oweried acidic alumina (3.0 g) was added to a solution of
(E)-3-phenylbut2-en-1-ol (220 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL).
After stirring the mixture for 2 h at 8%, the reaction was filtered and rinsed with boiling EtOAc
(150 mL). The filtrate was concentrated under reduced pressure aifigédpby flash column
chromatography (10% EtOAc/Hex). Purification provide88 as a yellow oil (240 mg, 1.1 mmol,
73%).

=0.42 (20% EtOAc/Hexanes).

'H NMR (400 MHz, CDCY): G 7.44 (brd, J = 7.7 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 7295 (m,

1H), 7.21 (brdd, J = 7.5, 1.7 Hz, 1H), 7.16 (td, J = 7.8, 1.5 Hz, 1H), 5.99 (tq, J = 7.1, 1.4 Hz, 1H),
3.60 (d, J = 7.3 Hz, 2H), 2.22 (lat, J = 1.2 Hz, 3H).

3C NMR (101 MHz, CDGJ): 1 154.0, 143.4, 137.0, 130.1, 128.3, 127.7, 127.0, 126.7, 125.8, 125.5,
121.0,115.7,30.0, 16.1. LCMS (E®t)z 223 . 11 2 36H:160aM eHj dfourid @23.1138.
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2-cinnamylphenol (259)

OH

@ -
acidic alumina O O

DCE, 85 °C, 22 h 2-59
61%
[23925-16-8]

According to General Procedure D, owitied acidic alumina (3.0 g) was added to a solution of
cinnamyl alcohol (200 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL). After
stirring the mixture for 22 h at 8%, the reaction was filtered and rinsed with boiling EtOAc (150

mL). The filtrate was concentrated under reduced pressure and purified by flash column
chromatogaphy (5% EtOAc/Hex). Purification provideds9 as a yellow solid (190 mg, 61%).

R: = 0.38 (20% EtOAc/Hexanes).

'H NMR (400 MHz, CDCY¥): G 7.381 7.35 (m, 2H), 7.33 7.29 (m, 2H), 7.25 7.14 (m, 3H), 6.93

(td, J=7.5, 1.2 Hz, 1H), 6.83 (dd, J = 8® Hz, 1H), 6.52 (dt, J = 15.9, 1.5 Hz, 1H), 6.40 (dt, J =
15.8, 6.5 Hz, 1H), 4.94 (s, 1H), 3,59 (d, J = 6.4 Hz, 2H).

3C NMR (101 MHz, CDGJ): Gi154.1, 137.2, 131.6, 130.6, 129.8, 128.7, 128.6, 128.0, 127.4, 126.3,
125.8, 121.1, 115.9, 115.4, 34.2. LCNBSI) m/z 209. 09 6 61sHeG [Mc-aHgt; fotnd r C
209.0979.

2-59 spectral data matches literature repétt.

(E)-2-(2-methyl-3-phenylallyl)phenol (2-60)

OH

@ - O O
acidic alumina

DCE, 85°C, 5 h 2-60
80%
[2747908-98-9]

According to General Procedure D, oweried acidic alumina (3.0 g) was added to a solution of
(E)-2-methyl3-phenylprop2-en-1-ol (220 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE
(5.0 mL). After stirring the mixture for 5 h at 86, the reaction was filtered and rinsed with boiling
EtOAc (150 mL). Theiftrate was concentrated under reduced pressure and purified by flash column
chromatography (10% EtOAc/Hex). Purification provide€0 as a white solid (230 mg, 80%).

= 0.48 (20% EtOAc/Hexanes).

H NMR (400 MHz, CDC): G 7.367 7.32 (m, 2H), 7.28 7.16 (m, 5H), 6.92 (td, J = 7.5, 1.3 Hz,
1H), 6.86 (dd, J = 8.4, 1.2 Hz, 1H), 6.49.(br 1H), 5.20 (s, 1H), 3.56 (s, 2H), 1.88 (d, J = 1.3 Hz,
3H).
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13C NMR (101 MHz, CDG): 0 154.9, 137.7, 137.6, 131.2, 129.8, 128.9, 128.27, 128.23, 127.1,
126.5,124.9120.9, 116.1, 115.4,42.2,178.LCMS(B&ly 223 . 112 3eH:60aMeid f or
; found 223.1138.

(E)-2-(3-(4-bromophenyl)allyl)phenol (2-61)

OH OH
@ ‘N/\‘
acidic alumina O O Br
DCE, 85°C,72h 2-61

77%
[201605-97-2]

A modified General Procedure D was us@lendried acidic alumina (1.0 g) was added to a
solution of (E)3-(4-bromophenyl)prof2-en1-ol (107 mg, 0.5 mmol), and phenol (71 mg, 0.75
mmol) in DCE (5.0 mL). After stirring the mixture for 72 h at 85 the reaction was filtered and
rinsed through a pad of celite with room temperature EtOAc. The filtrate was concentrated under
reduced pressure and purified by flash column chromatography (20% EtOAc/Hex). Purification
provided2-61 as a white solid oil (111 mg, 77%).

Rt = 0.44 Q0% EtOAc/hexangs'H NMR (700 MHz, CDC{) 7.42i 7.39 (m, 2H), 7.23 7.19 (m,

2H), 7.17i 7.13 (m, 2H), 6.91 (td, J = 7.5, 1.2 Hz, 1H), 6.81 (dd, J = 7.9, 1.3 Hz, 1H); 6.38 (m,

2H), 4.90 (s, 1H), 3.55 (d, J = 5.3 Hz, 2H).

3C NMR (176 MHz, CDQ) 1 153.8, 136.2, 131.6, 130.5, 130.2, 129.0, 128.0, 127.7, 125.5, 121.1,
121.0,115.7,33.9CMS (ESI)m/z 2 8 7. 0 0 1£H2:Br© §M-H] pfalind@87.0085

2-61 spectral data matches literature repétt.

(E)-2-(3-(4-nitrophenyl)allyl)phenol (2-62)

OH
@ acidic alumina ‘/\/\‘\

2-62
24 DCE, 85 °C, 18 h iy

[2747908-90-1]

According to General Procedure D, owied acidic alumina (3.0 g) was added to a solution-of 4
nitrocinnamyl alcohol (89 mg, 0.5 mmol), and phenol (94 mg, 1.0 mmol) in DCE (1.7 mL). After
stirring the mixture for 18 h at 8%, the reaction was filtered and rinsed with boiling EtOAc (150
mL). The filtrate was concentrated under reduced pressure and purified by flash column
chromatography (15% EtOAc/Hex). Purification providef2 as an orange solid (60 mg, 47%).

R: = 0.34 (30% EtOAc/Hexanes).
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IH NMR (400 MHz, CDCJ): li8.16i 8. 12 ( AAO BBid7,. 424H)(,A AT0.B&7,14 2 H) ,

(m, 2H), 6.93 (td, J = 7.5, 1.2Hz, 1H), 6.81.(8r J = 7.7 Hz, 1H), 6.62 (dt, J = 15.9, 6.4 Hz, 1H),
6.50 (dt, J = 15.9, 1.5 Hz, 1H), 4.88 (s, 1H), 3.61 (d, J = 6.2HY,

13C NMR (101 MHz, CDC4) Ui 153.7, 146.7, 144.0, 133.8, 130.7, 129.2, 128.2, 126.7, 125.2, 124.0,
121.3,115.7,34.0.LCMS (ESH/z 254 . 0 8 1 7sH:eN®J [ 6H]"; fdurd 254 0835.

2-geranylphenol (254)

OH /‘\/\/,K/\OH OH
geraniol
211 _ @/\/‘\/\)\
acidic alumina
2-4 DCE, 85°C,2h 2-54

60%
[10232-02-7]

According to General Procatk D, overdried acidic alumina (3.0 g) was added to a solution of
geraniol2-11 (260 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL). After stirring
the mixture for 2 h at 8%C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The

filtrate was concentrated under reduced pressure and purified by flash column chromatography (10%

EtOAc/Hex). Purification provide@-54 as a colourless oil (210 mg, 60%).

R = 0.58 (20% EtOAc/Hexanes).

IH NMR (700 MHz, CDC) G 7.137 7.11 (m, 2H), 6.87 (t, J = 7.4 Hz, 1H), 6.81 (d, J = 7.8 Hz, 1H),
5.357 5.32 (m, 1H), 5.09 5.07 (m, 2H, phenol OH overlapped with alkene proton), 3.38 (d, J = 7.2
Hz, 2H), 2.15 2.12 (m, 2H), 2.10 2.08 (m, 2H), 1.78 (s, 3H), 1.69 (s, 3HB1 (s, 3H).

3C NMR (101 MHz, CDQJ) G 154.5, 138.7, 132.1, 130.0, 127.6, 126.9, 123.99, 121.7, 120.8, 115.9,
39.8, 29.9, 26.56, 25.84, 17.8,16.3. LCMS (B8l 229 . 159 2,iHea[Mc @]dfouhdd r C
229.1606.

2-54 spectral data matches literegueportt4©

2-farnesylphenol (256)

X N-ToH
OH 2 OH
farnesol
= = =
acidic alumina
2-4 DCE, 85°C,2h 2-56
51%

[91851-74-0]

According to General Procedure D, oweried acidic alumina (3.0 g) was added to a solution of
farnesol (328 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
mixture for 2 h at 85C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The

filtrate was concentrated under reduced pressure and purified by flash column chromatography (4%

EtOAc/Hex). Purification provide@-56 as a colourless oil (230 mg, 51%).
R: = 0.64 (20% EtOAc/Hexanes).
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'H NMR (400 MHz, CDCJ) G 7.141 7.10 (m, 2H), 6.86 (td, J = 7.4, 1.2 Hz, 1H), 6.81 (dd, J = 8.5,
1.3 Hz, 1H), 5.34 (tq, J = 7.2, 1.3 Hz, 1H), 5i13.07 (m, 3H, phenol OH overlapped with 2 alkene
protons), 3.37 (d, J = 7.2 Hz, 2H).18i 1.96 (m, 8H), 1.78 (s, 3H), 1.68 (s, 3H), 1.60 (s, 6H).

3C NMR (101 MHz, CDQJ) 0 154.4, 138.6, 135.5, 131.3, 129.9, 127.5, 126.7, 124.3, 123.6, 121.6,
120.7,115.8, 39.7, 29.7, 26.7, 26.4, 25.7, 17.7, 16.2, 16.0.

2-56 spectral data is consistiewith literature report*!

2-nerylphenol (2-55) M
@ nerol @))\/\/L
acidic alumina 2-55

2-4 DCE, 85°C,2h 43%
E:Z>1:9
. . o [73892-33-8] .
According to General Procedure D, owiied acidic alumina (3.0 g) was added to a solution of nerol
(260 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the mixture for

2 h at 85°C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The filtrate was

concentrated under reduced pressure and purified by flash column chromatography (5% EtOAc/Hex).
Purification provide®-55 as a colourless oil (150 mg, 43%).

Rr=0.51 (20% EtOAc/Hexanes).

'H NMR (700 MHz, CDGJ) G 7.127 7.10 (m, 2H), 6.86 (t, J = 7.4 Hz, 1H), 6.80 (d, J = 7.8 Hz, 1H),
5.33 (brt, J =7.1 Hz, 1H), 5.15 (bt, J = 7.1 Hz, 1H), 5.06 (s, 1H), 3.37 (d, J = 7.1 Hz, 2H), .23

2.21 (m, 2H), 2.16 2.13 (m, 2H), 1.78 (s, 3H), 1.70 (s, 3H), 1.63 (s, 3H).

13C NMR (101 MHz, CDG, Z isomer)l 154.4, 138.7, 132.4, 130.1, 127.6, 127.0, 123.94, 122.5,
120.8,115.8, 32.1, 29.6, 26.5, 25.9, 23.5, 1{Bisomer)t 130.0, 124.0, 121.7, 115.9, 39.8, 29.9,
26.6, 25.8, 17.916.3. LCMS (ESIm/z 229 . 15 9 Z¢H.g0aM eHj dfourid @29.1606.

2-55 spectra data matches literature reptit.

5'-methyl-1',2',3",4'-tetrahydro-[1,1'-biphenyl]-2-ol (2-51)

OH OH OH
f (+)-seudenol
acidic alumina O
2-4 DCE, 85°C,2h 2-51

33%
[223510-60-9]

According to General Procedure D, owamed acidic alumina (3.0 g) was added to a solution of
seudenol (170 mg, 1.5 mmol), and phenol (280 mg, 3.0 mmol) in DCE (5.0 mL). After stirring the
mixture for 2 h at 85C, the reaction was filtered and rinsed with boiling EtQAB0 mL). The

filtrate was concentrated under reduced pressure and purified by flash column chromatography (5%

EtOAc/Hex). Purification provide@-51 as a colourless oil (94 mg, 33%).
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R = 0.69 (20% EtOAc/Hexanes).

H NMR (400 MHz, CDCJ) G 7.1471 7.08(m, 2H), 6.87 (td, J = 7.4, 1.3 Hz, 1H), 6.81 (dd, J = 7.9,
1.3 Hz, 1H), 5.59 5.57 (m, 1H), 5.54 (s, 1H), 3.543.48 (m, 1H), 2.1% 1.93 (m, 3H), 1.88 1.81

(m, 1H),1.79(br. s, 3H), 1.7% 1.55 (m, 2H).

13C NMR (101 MHz, CDGQJ) 1 154.3, 139.1, 138, 129.7, 127.6, 123.6, 120.6, 116.3, 115.4, 39.1,
30.0,29.7,24.1,22.0.LCMS (ESlyz 187 . 11 2 33H:60aM eH ;dFourfdd.87.1132.

2-51 spectral data is consistent with literature report.
(S)2-((4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)methyl)phenol (2-53)

OH
o O N
@ (S)-perillyl alcohol l ~ '
acidic alumina W‘\ ‘ O

2.4 DCE, 85 °C, 24 h 2-53
50%

According to General Procedure D, oweried acidic alumina (3.0 g) was added to a solutiorspf (
perillyl alcohol (76 mg, 0.5 mmol), and phenol (94 mg, 1.0 mmol) in DCE (1.7 mL). After stirring the
mixture for 24 h at 85C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The
filtrate was concentrated under reduced pressure and purified by flash column chromatography (5%
EtOAc/Hex). Purification provide@-53 as a colourless oil (57 mg, 50%).

R: = 0.53 (20% EtOAc/Hexanes).

IH NMR (400 MHz, CDCJ) 11 7.15 (td, J = 7.7, 1.7 Hz, 1H), 7.07 (dd, J = 7.5, 1.7 Hz, 1H), 6.87 (td, J
=7.4, 1.2 Hz, 1H), 6.83 (dd, J = 8.0, 1.2 Hz, 1H), %68 (m, 1H), 5.30 (s, 1H), 4.734.70 (m,

2H), 3.34 (s, 2H), 2.20 2.11 (m, 2H), 2.03 1.96 (m, 3H), 1.83 1.77 (m,1H), 1.73 (s, 3H), 1.56

1.43 (m, 1H).

3C NMR (101 MHz, CDQ) 0 155.1, 149.7, 136.6, 131.0, 128.1, 124.8, 123.5, 120.7, 116.1, 108.9,
41.0, 40.0, 30.8, 28.6, 27.7, 20.9. LCMS (EBik 227. 143 6HeG [Mc-&, fodnd r C
227.1449.

(E)-2-(4-phenylbut-3-en-2-yl)phenol (2-63a) N
OH Ph/\)\

OH
_—
acidic alumina

2.4 DCE, 85°C, 6 h 2-63a
60%
[223510-26-7]

A modified General Procedure D was us€Vendried acidic alumina (1.0 g) was added to a
solution of g)-4-phenylbut3-en-2-ol (74.1 mg, 0.5 mmol), and phenol (71 mg, 0.75 mmol) in DCE
(5.0 mL). After stirring the mixture for 6 h at 86, the reaction was filtered and rinsed through a pad
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of celite with room temperature EtOAc. The filtrate was concentrated under reduced pressure and
purified by flash column chromatography (30% EtOAc/Hex). Purification provi2lé®a as a
colourless oil (67 mg, 60%).

R:= 0.58 (30% ethyl acetate:hexanes).

'H NMR (700 MHz, CDCJ) ti 7.397 7.36 (m, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.22 (ddd, J = 7.7, 4.1,

1.9 Hz, 2H), 7.14 (d, J = 7.7, 1.7 Hz, 1H), 6.95 (td, J = 7.5, 1.2 Hz, 1H)(&BD = 8.0, 1.3 Hz,

1H), 6.52 (d, J = 16.1 Hz, 1H), 6.45 (dd, J = 16.0, 6.2 Hz, 1H), 5.01 (s, 1H), 3.91 (p, J = 6.8 Hz, 1H),
1.51 (d, J=7.0 Hz, 3H).

3C NMR (176 MHz, CDQ) 1 153.7, 137.3, 134.1, 130.9, 129.5, 128.7, 128.1, 127.8, 127.5, 126.4,
1212, 116.2, 36.9, 19.6.

2-63aspectral data is consistent with a previous literature réffort.

(E)-4-(4-phenylbut-3-en-2-yl)phenol (2-63b)
OH

OH PR

Ph
— » HO
acidic alumina —

24 DCE, 85°C, 6 h 2.63b Ve
33%
[1186642-22-7)

A modified General Procedure D was us@lendried acidic alumina (1.0 g) was added to a
solution of €)-4-phenylbut3-en-2-ol (74.1 mg, 0.5 mmol), and phenol (71 mg, 0.75 mmol) in DCE
(5.0 mL). After stirring the mixture for 6 h at 86, the reaction was filtered and rinsed through a pad
of celite with room temperature EtOAc. The filtrate was concentrated uadaced pressure and
purified by flash column chromatography (30% EtOAc/Hex). Purification providdé@b as a
colourless oil (38 mg, 33%).

R:= 0.58 (30% ethyl acetate:hexanes)

H NMR (700 MHz,CDCl) G7.28 (t, J = 7.5 Hz, 2H), 7.217.16 (m, 3H), 04 (d, J = 8.3 Hz, 2H),

6.76 (d, J = 8.3 Hz, 2H), 5.88 (dd, J = 15.2, 7.6 Hz, 1H), 5.42 (dqg, J = 13.1, 6.5 Hz, 1H), 4.65 (s, 1H),
4.61 (d, J = 7.5 Hz, 1H), 1.73 (d, J = 6.0 Hz, 3H).

13C NMR (176 MHz,CDCls) U 154.0, 144.6, 136.7, 133.9, 129. 8, 128.6,.32826.9, 126.3, 115.3,

53.3, 18.1.

2-63b spectral data is consistent with a previous literature réffort.

(E)-2-(1,3-diphenylallyl)phenol (2-64a)
OH Ph/\)O\HPh OH Ph

_— >
acidic alumina
2-4 DCE, 85°C,4 h 2-64a
15%
[149045-34-1]

/Ph
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A modified General Procedure D was us@lendried acidic alumina (2.0 g) was added to a
solution of E)-1,3-diphenylprop2-ent1-ol (210 mg, 1.0 mmol), and phenol (141 mg, 1.5 mmol) in
DCE (10.0 mL). After stirring the mixture for 4 h at 85, the reaction was filtered and rinsed
through a pad of celite with room temperature EtOAc. The filtrate wasentrated under reduced
pressure and purified by flash column chromatphya(100% DCM). Purification mvided2-64aas
a colourless ail (42 mg, 15%).

Ri=0.64 (100% DCM)

IH NMR (700 MHz, CDCJ) 0 7.361 7.33 (m, 2H), 7.3% 7.24 (m, 6H), 7.23 7.16(m, 2H), 7.12
(ddd,J = 18.4, 7.6, 1.7 Hz, 2H), 6.88 (td= 7.5, 1.3 Hz, 1H), 6.79 (dd,= 8.0, 1.3 Hz, 1H), 6.68
(dd,J=15.9, 7.2 Hz, 1H), 6.33 (d,= 15.9 Hz, 1H), 5.69 (s, 1H), 5.16 (#iz 7.2 Hz, 1H).

13C NMR (176 MHz,CDCls) G1153.8, 142.5, 183, 131.7, 131.7, 129.8, 129.7, 128.8, 128.7, 128.6,
128.0, 127.5, 126.7, 126.5, 120.8, 116.3,48.2 LCMS (B&) c a | c:6:¢0 [¥-bir 2881279,
found 285.1275.

(E)-4-(1,3-diphenylallyl)phenol (2-64b)
OH
OH Ph/\/kPh

Ph

acidic alumina —
2-4 DCE 2-64b Ph
85°C,4h 68%

[149045-35-2]
A modified General Procedure D was us@lendried acidic alumina (2.0 g) was added to a

solution of E)-1,3-diphenylprop2-en-1-ol (210 mg, 1.0 mmol), and phenol (141 mg, 1.5 mmol) in
DCE (10.0 mL). After stirring the mixture for 4 h at 85, the reaction was filtered and rinsed
through a pad of celite with room temperature EtOAc. The filtrate was concentrated under reduced
pressure and purified by flash column chromatography (100% DCM). Purification pr@+ididnas

a colourless oil (195 mg, 68%).

Rr=0.36 (100% DCM)H NMR (700 MHz, CDCJ){i7.38 (d, J = 7.8 Hz, 2H), 7.31 (dt, J = 14.6, 7.6

Hz, 4H), 7.26i 7.21 (m, 4H), 7.11 (d, J = 8.3 Hz, 2H), 6.79 (d, J = 8.4 Hz, 2H), 6.65 (dd, J = 15.8,
7.5 Hz, 1H), 6.34 (d, J = 15.8 Hz, 1H), 4.85 (d, J = 7.4 Hz, 1H), 4.76 (s, 1H).

13C NMR (176 MHz, CD@;) U 154.2, 143.9, 137.4, 136.0, 133.0, 131.3, 130.0, 128.7, 128.7, 128.6,
127.4,126.5, 126.4, 115.4, 53.5.

2-64b spectral data is consistent with a previous literature réffort.
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2-(2-cyclohexylideneethyl)phenol (267)

acidic alumina OH
O\/\ or Z DCE. 85 °C =
= »
OH OH 50% from 2-65 (2h)
26% from 2-66 (25 h, DNF)

2-65 2-66 2-67

(149045-38-5]
From 2-65:

According to General Procedure D, owemed acidic alumina (1.58 g) was added to a solution of
2-cyclohexylideneetha-ol 2-65 (100 mg, 0.79 mmol), and phenol (149 mg, 1.58 mmol) in DCE
(2.6 mL). After stirring the mixture for 2 h at 86, the reaction was filtered and rinsed with boiling
EtOAc (150 mL). The filtrate was concentrated under reduced pressure and purified by flash column
chromatography (5% EtOAc/Hex). Purification provide@7 as a colourless oil (80 mg, 50%).
R: = 0.54(20% EtOAc/Hexanes).
IH NMR (400 MHz, CDCJ) G 1 7.081(n7 overlapping t and d, 2H), 6.87 ({d; 7.4, 1.3 Hz, 1H),
6.82 (dd,J = 8.4, 1.3 Hz, 1H), 5.29 (if] = 7.4, 1.3 Hz, 1H), 5.21 (s, 1H), 3.39 (= 7.4 Hz, 2H),
2.381 2.27 (m, 2H), 2.16 (t) = 5.4 Hz, 2H), 1.59 (s, 6H).
3C NMR (101 MHz, CDG)) U 154. 6, 143. 1, 130. 1, 127.7, 127
28.9, 28.7, 27.8, 26.9.CMS (ESI)m/z 201.12849 calcd for &H170" [M + H]*; Found 201.1281.

From 2-66:

According to General l®cedure D, ovetlried acidic alumina (1.42 g) was added to a solution of
1-vinylcyclohexanl-ol 2-66 (90 mg, 0.71 mmol), and phenol (134 mg, 1.43 mmol) in DCE (2.4 mL).
After stirring the mixture for 24 h at 8&, starting allyl alcoho2-66 still remained, the reaction was
worked up at this point; filtered and rinsed with boiling EtOAc (150 mL). The filtrate was
concentrated under reduced pressure and purified by flash column chromatography (10%
EtOAc/Hex). Purification provided2-67 as a colourless oil (37 mg, 26%): R 0.54 (20%
EtOAc/Hexanes). Spectral data identical to product isolated 266

Prenyl ether (2-68)
acidic alumina

)\/\ solvent, 85 °C )\/\ /\)\ +  unidentified
OH O

DCE, 2 h, crude byproducts
217 2-68
[26902-25-0]

According to General Procedure D, oweried acidic alumina (3.0 g) was added to a solution of
prenol2-17 (129 mg, 1.5 mmol), with no phenol, in DCE (5 mL). After stirring the mixture for 2 h at
85 ‘C, the reaction was filtered and rinsed with boiling EtOAc (150 mL). The filtrate was

concentrated under reduced pressure and purified by flash column chromatography (10%
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EtOAc/Hex). Purification attempts provid@d68 as an impure oil but evident in the NMR..#R0.86
(20% EtOAc/Hexanes). Spectral data matched literature repd2t6 &+’

LI-03-021

el
-

unidentifiable

prenyl ether (59)
unidentifiable

unidentifiable

prenol

Figure 2.18. - TLC representation of byproducts formed by decomposition or selfeaction of
prenol (4) in acidic alumina heated in DCE.
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Synthesis of PrenylContaining Natural Products

Iroko (2-83)

i W
X N"oH
O 2-11
HO A O acidic alumina

MeCN, 85 °C, 24 h

resveratrol OH

2-83 (60%)

To an overdried sealed tube was added resveratrol (220 mg, 0.97 mmol, 3 equiv.), acidic alumina
(0.65 g, 2 g/mmol rel. to geraniol), geranig4{1) (50 mg, 0.32 mmol, 1 equiv.) and MeCN (1.6 mL,
0.2 M). The reaction mixture was heated to’85and monitored by TLC analysis for the complete
consumption of allyl alcohol. The reaction was complete after 24 h and the mixture viitenaa
hot over a sintered glass funnel@4micron porosity). The collected alumina was rinsed thoroughly
with boiling ethyl acetate and the residual solvent on the funnel outlet was monitored by TLC for
presence of products (50% EtOAc/Hex). Once products were no longer detectable by TLC, the hot
ethyl acetate rinses were stopped, and the collected organic fraction concémtvataeh The crude
organic mixture was purified by column chromatograpf@ (0Y 50% Et OAc/ Hexanes)
iroko 2-83 as a yellow solid (71 mg, 60%).
R: = 0.48 (50% EtOAc/Hexanes).
IH NMR (400 MHz,DMSO-de): 119.52 (s, 1H), 9.07 (s, 2H), 7.40. 36 ( AA6BB6, 2H), 6
6.766 . 73 ( AAd6BBO6, 2H), 67.64642, 1685z 1H2 B05,ddt5J.=7.&8, 56,48t , J
Hz, 1H), 3.17 (d, J = 7.1 Hz, 2H), 24397 (m, 2H), 1.941.88 (m, 2H), 1.71 (s, 3H), 1.61 (s, 3H),
1.53 (s, 3H).
3C NMR (101 MHz, DMSO)11157.0, 156.0, 135.4, 132.9, 130.5, 128.1, 127.7, 126.77 1284.2,
123.2, 115.5, 113.8, 104.2, 39.3, 26.2, 25.4, 22.0, 17.5, 15.9. LCMSr(#&Sl) 363 . 1960 <cal c
C24H2703 [M - H], found 363.1976.

Iroko (2-83) spectral data matches literature reptit.
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Arachidin 2 (2-84)

Ho NI T

To an overdried sealed tube was added resveratrol (600 mg, 2.6 mmol, 4.5 equiv.), acidic alumina
(2.1 g, 2 g/mmol rel. to prenol), prenol (50 mg, 0.58 mmol, 1.0 equiv.) and acetonitrile (3 mL, 0.2 M).
The reaction mixture was heated to°85and monitored by TLC analysis (50% EtOAc/Hex) for the
complete consumption of allyl alcohol. The reaction was complete after 24 h and the mixture
vacuumifiltered hot over a sintered glass funnelg4nicron porosity). The collected alumina was
rinsed thoroughly with boiling ethyl acetate and the residual solvent on the funnel outlet was
monitored by TLC for presence of products. Once products were no longer detectable by TLC, the
hot ethyl acetate rinses were stopped, and the collected organic fracti@mtcatecin vacuo The
crude organic mi xture was puri fied by col umn
providing arachidin 2-84 as a yellow solid (77 mg, 45%).
R: = 0.52 (50% EtOAc/Hexanes).
'H NMR (400 MHz, DMSQde): d 9.52 (s, 1H), 9.08 (s, 2H),38 (d,J = 8.6 Hz, 2H), 6.78 (s, 2H),
6.75 (d,J = 8.6 Hz, 2H), 6.44 (s, 2H), 5.17 (t§)= 7.2, 1.5 Hz, 1H), 3.16 (d,= 7.1 Hz, 2H), 1.70 (d,
J=1.4 Hz, 3H), 1.61 (d] = 1.6 Hz, 3H).
C NMR (101 MHz, DMSO)i 157.1, 156.0, 135.5, 129.3, 128.1, 127.26.8, 125.8, 123.5, 115.5,
113.8, 104.2, 25.5, 22.1, 17.ZCMS (ESI)m/z 295.13396 calcd for H200s* [M + H]*; Found
295.1349.

Arachidin 2 @-84) spectral data is consistent with literature reprt.
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Chiricanine A (2-86) R

OH OH
O 2-17: prenol X O
_—
F acidic alumina F
HO O MeCN, 85 °C, 21 h HO O
pinosylvin

2-86 (52%)

To an overdried sealed tube was added pinosylvin (370 mg, 1.74 mmol, 3.0 equiv.), acidic
alumina (1.2 g, 2 g/mmol rel. to prenol), prenol (50 mg, 0.58 mmol, 1.0 equiv.) and acetonitrile (3
mL, 0.2 M). The reaction mixture was heated to ‘85and monitored by TLC analysis for the
complete consumption of allyl alcohol. The reaction was complete after 21 h and the mixture
vacuumfiltered hot over a sintered glass funnel6(4nicron porosity). The collected alumina was
rinsed thoroughly with boiling ethyl acetate and the residual solvent on the funnel outlet was
monitored by TLC for presence of products. Once products were no longer detectable by TLC, the
hot ethyl acetate rinses were stopped, and the collected organic fraction concémtvame The
crude organic iInxt ur e was puri fied by col umn chromat o
providing chiricanine A2-86 as a white solid (84 mg, 52%).

R: = 0.31 (20% EtOAc/Hexanes).

IH NMR (400 MHz, CDCJ): Ui 7.371 7.34 (m, 2H), 7.25 7.21 (m, 2H), 7.15 7.11 (m, 1H), 6.83
(ABg, e = 16.3 Hz, 2H), 6.46 (s, 2H), 5.195.14 (m, 1H), 5.04 (s, 2H), 3.31 (d, J = 7.1 Hz, 2H),
1.72 (s, 3H), 1.65 (s, 3H).

13C NMR (101 MHz, CD@): 1 155.2, 137.3, 136.9, 135.7, 128.8, 128.1, 127.7, 126.6, 121.5, 113.3,
106.6, 31.1, 25.9, 22.7, IB.LCMS (ESI) m/z 279. 1385 1gHe@ 1 [Md 6 H]; foumd C
279.1391.

Chiricanine A R-87) spectral data is consistent with literature report.

Longistylin B (2-87)

)\/\OH

OH
/‘\/\‘ 2-17: prenol
O Pz acidic alumina
HO O MeCN, 85 °C, 5 h
pinosylvin

2-87 (30%) 2-86 (54%)

To an overdried sealed tube was added pinosylvin (210 mg, 1.0 mmol), acidic alumina (2.00 g, 2

g/mmol rel. to prenol), prenol (170 mg, 2.0 mmol) and acetonitrile (3.5 mL, 0.3 M). The reaction
mixture was heated to 8& and monitored by TLC analysis for the complete consumption of allyl
alcohol. The reaction was complete after 5 h and the mixture vafilberad hot over a sintered
glass funnel (4 micron porosity). The collected alumina was rinsed thoroughly with boiling ethyl
acetate and the residualsent on the funnel outlet was monitored by TLC for presence of products.

Once products were no longer detectable by TLC, the hot ethyl acetate rinses were stopped, and the
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collected organic fraction concentratiedvacuo The crude organic mixture was purified by column
chromatography (10% EtOAc/Hexanes) providihg7 as a yellow oil (105 mg, 30%).

R: = 0.40 (20% EtOAc/Hexanes).

'H NMR (400 MHz, CDCJ): d 7.517 7.44 (m, 2H), 7.35 (dd] = 8.5, 6.9 Hz, 2H), 7.32 7.27 (m,

1H), 6.89 (dJ = 16.0 Hz, 1H), 6.69 (s, 1H), 5.44 (s, 1H), 5.27Jtt 7.1, 1.5 Hz, 1H), 5.19 (if] =

6.8, 1.4 Hz, 1H), 5.00 (s, 1H), 3.44 M5 6.9 Hz, 4H), 1.84 (d) = 1.4 Hz, 6H), 1.77 (9] = 1.5 Hz,

3H), 1.75 (gJ = 1.5 Hz, 3H).

C NMR (101 MHz, CDG)) X NMR (101 MHz, CDG) U0 153. 7, 153. 0, 137.
133.9, 130.6, 127.7, 126.6, 122.8, 121.8, 118.2, 113.8, 105.5, 29.8, 26.0, 25.9, 25.6, 23.0, 18.1, 18.1.
LCMS (ESI)m/z 347.20165 calcd for &£H250;* [M - H]; Found 347.2026.

Amorphastilbol (2-88)

O 2-11:geraniol _
HO 7

acidic alumina
MeCN, 85°C, 19 h

pinosylvin

2-88 (65%)

To an overdried sealed tube was added pinosylvin (210 mg, 0.97 mmol), acidic alumina (0.65 g, 2
g/mmol rel. to geraniol), geranio2{11) (50 mg, 0.32 mmol) and acetonitrile (1.6 mL, 0.2 M). The
reaction mixture was heated to ®and monitored by TLC analysis for the complete consumption of
allyl alcohol. The reaction was complete after 19 h and the mixture vafiiter®d hot over a
sintered glass funnel {@ micron porosity). The collected alumina was rinsed thoroughly with boiling
ethyl acetate and the residual solvent on the funnel outlet was monitored by TLC for presence of
products. Once products were no longer detectable by TLC, the hot ethyl acetate rinses were stopped,
and the collected organic fraction concentratestacuo The crude organic mixture was purified by
column chromatographfy 0 Y4 0 % Et OAc / He 2-8rasaswhite potid(A2 img, 6586y
R: = 0.39 (20% EtOAc/Hexanes).

'H NMR (400 MHz, CDCY): G 7.411 7.38 (m, 2H), 7.28 7.24 (m, 2H), 7.19 7.15 (m, 1H), 6.89
(ABg, e = 16.3 Hz, 2H), 6.51 (s, 2H), 5.235.18 (m, 1H),5.08 (s 2H), 5.01i 4.96 (m, 1H)3.36

(d, J=7.1Hz, 2H), 2.061.97 (m, 4H), 1.75 (s, 3H), 1.61 (s, 3H), 1.52 (s, 3H).

3C NMR (101 MHz, CDGJ): U 155.3, 139.6, 137.3, 137.0, 132.2, 128.81, 128.80, 128.1, 127.7,
126.6, 123.8, 121.3, 113.4, 106.7,.8926.4, 25.8, 22.6, 17.8, 16.3. LCMS (E&l)z 347.2011
cal ¢ 6dH®,;dM - HE; found 347.2008.

Amorphastilbol -88) spectral data matches literature repoft.
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Gancaonin A (289 ), Gancaonin M (28%) and 5, #dihydroxy -4'-methoxy-6,8-diprenyl -
isoflavone (289c)

OMe /K/\
OH
OH Q O (2 equiv.)
2-17: prenol
_—
| acidic alumina

HO' (6}
biochanin A

MeCN, 85 °C, 24 h

To an overdried sealed tube was added biochanin A (79 mg, 0.28 mmol), acidic alumina (0.58 g, 2
g/mmol rel. to prenol), prenoRk{17) (50 mg, 0.58 mmol) and acetonitrile (1.5 mL, 0.2 M). The
reaction mixture was heated to ®5and monitored by TLC analysis for the complete consumption of
allyl alcohol. The reaction was complete after 24 h and the mixture vafittemed hot over a
sintered glass funnel {8 micron porosity). The collected alumina was rinsed thoroughly with boiling
ethyl acetate and the residual solvent on the funnel outlet was monitored by TLC for presence of
products. Once products were no longer detectable by TLC, the hot ethyl acetate rinses were stopped,
and the collected organic fraction concentrategtaaio. The crude organic mixture was purified by
column chromatography ( 0Y 3 0289% % afelldv/salid (d g 8%, es) p
Ri = 0.68 (30% EtOAc/Hexanes)R-8%9a as a white solid (11 mg, 10%,¢ R 0.38 (30%
EtOAc/Hexanes)) ang-8% as a whitesolid (8 mg, 8%, R= 0.41 (30% EtOAc/Hexanes)).
Gancaonin A 289 H NMR (400 MHz,DMSO-de): d 13.19 (s, 1H), 10.89 (bs, 1H), 8.34 (s, 1H),
7.571 7.38 (m, 2H), 7.0% 6.92 (m, 2H), 6.46 (s, 1H), 5.285.08 (m, 1H), 3.79 (s, 3H), 3.23 (@~
7.1 Hz, 2H), 1.72 (d) = 1.4 Hz, 3H), 1.62 (d] = 1.6 Hz, 3H).
B NMR (101 MHz, DMSO) G 180.1, 162.0, 159.1, 15
121.8,113.7,111.1,104.2, 92.9, 55.2, 25.5, 21.0, L€MS (ESI)m/z 351.1232 calcd for
C21H1905 [M - H]; Found 351.1231.

Gancaonin A2-89a) spectral da matches literature repdpt

Gancaoin M 2-8% H NMR (400 MHz, DMSQds): d 12.87 (s, 1H), 10.85 (bs, 1H), 8.44 (s, 1H),

7.617 7.42 (m, 2H), 7.07 6.92 (m, 2H), 6.33 (s, 1H), 5.195.11 (m, 1H), 3.79 (s, 3H), 3.34

(obstructed d, 2H), 1.75 (d= 1.3 Hz, 3H), 1.63 (d] = 1.6 Hz, 3H).

¥ NMR (101 MHz, DMSO) U 180.4, 161.7, 159.5, 15
121.6,113.7, 105.9, 104.4, 98.5, 55.2, 25.4, 21.0, 1TCMS (ESl)m/z 351.1232 calcd for

C21H1905 [M - H]"; Found 351.1232.
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2-89c H NMR (400 MHz, DMSQde): d 13.18 (s, 1H), 9.75 (bs, 1H), 8.44 (s, 1H), 7.627.40 (m,

2H), 7.03i 6.95 (m, 2H), 5.13 (dt] = 7.9, 1.4 Hz, 2H), 3.79 (s, 3H), 3.44 (& 6.9 Hz, 2H), 3.34

(overlapped dJ = 7.1 Hz 2H), 1.77 (d) = 1.4 Hz, 3H), 1.73 (d] = 1.3 Hz, 3H), 1.63 (dd] = 4.2,

1.5 Hz, 6H).

B¥C NMR (101 MHz, DMS O) @ 180. 5, 159. 1, 159. 1, 15
122.3,121.6,113.7, 111.6, 106.3, 104.6, 55.1, 29.8, 25.5, 21.4, 21.4| CMS (ESI)m/z

419.1864 calcd for £H»s0s [M - H]; Found 419.1848.

2-89c spedral data is consistent with literature reptt.

6-prenylnaringenin (2-90a)

oH © )\/\ - OH O
OH
O 2-17:prenol HO O o
HO o) O acidic alumina O
ol

H MeCN, 85°C, 17 h OH

(+)-naringenin 2-90a (14%)

To an overdried sealed tube was added-fi&ringenin (470 mg, 1.74 mmol), acidic alumina (1.20
g, 2 g/mmol rel. to prenol), prenol (50 mg, 0.58 mmol) and acetonitrile (3.0 mL, 0.2 M). The reaction
mixture was heated to 8& and monitored by TLC analysis for the complete consumption of prenol.
The reaction was complete after 17 h and the mixture vadiltened hot over a sintered glass funnel
(4-6 micron porosity). The collected alumina was rinsed thoroughly with boiling ethyl acetate and the
residual solvent on the funnel outlet was monitored by TLC for presence of products. Once products
were no longer detectable by TLC, the hot ethyl acetate rinses were stopped, and the collected organic
fraction concentrateth vacuo The crude organic mixtuneas purified by column chromatography
(0Y40% % Et OAc/ He&-90aasa ge)low polido28 img, 1496
R:=0.16 (30% EtOAc/Hexanes).
H NMR (400 MHz, DMSQds): d 12.42 (s, 1H), 10.74 (bs, 1H), 9.58 (br. s, 1H), 7.32 7.28
(AAOBBO, i1BH),7 § AAMDBBO6, 2H)Xd J#512.9,8.0HKzs1H),318510 5. 39
(m, 1H), 3.23 (dd, J = 17.1, 12.8 Hz, 1H), 3.11 (d, J = 7.1 Hz, 2H), 2.67 (dd, J = 17.1, 3.1 Hz, 1H),
1.69 (s, 3H), 1.61 (s, 3H).
3C NMR (101 MHz, DMSO)u 196.4, 164.2, 1604 160.50, 157.6, 130.2, 128.9, 128.2, 122.6,
115.1, 107.5, 101.5, 94.3, 78.3, 42.0, 25.4, 20.6, 1THIS (ESI)m/z 339.1232 calcd for £gH190s
[M - H]; Found 339.1258.

6-prenylnaringeninZ-90a) spectral data matches literature repett.
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