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The more you learn, the more you realize how little you know. 
 

                                                                                      Socrates 
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ABSTRACT 

The stilbene structure is part of many biologically active natural products, and 

these compounds can be attractive targets for chemical synthesis.  A convergent synthetic 

design can be utilized in order to install the central olefinic moiety by way of 

organophosphorus compounds.  This design has been employed to prepare a number of 

natural products, including the potent anti–cancer compounds known as the 

schweinfurthins and many analogues thereof.  Not only do all these structures consist of a 

stilbenoid scaffold, but all are partially terpenoid in nature as well.  Striking similarities 

to the schweinfurthins would become apparent following the isolation of a new group of 

compounds, which would later become known as the pawhuskins. 

In 2004, Belofsky and co–workers reported a small set of prenylated stilbenes that 

they named pawhuskins.  Pawhuskins A–C were isolated from the common North 

American purple prairie clover (Dalea purpurea) collected near Pawhuska, Oklahoma.  

Belofsky’s findings support an ethnomedical use, because the pawhuskins were shown to 

modulate opioid receptors through displacement of a nonselective radioactive antagonist 

(
3
[H]–naloxone) striatal tissue taken from rat brain.  Pawhuskin A was the most potent 

member of the family, making it one of a small group of compounds that does not contain 

a basic nitrogen atom but that still exhibits effects on the opiate receptor system.  This 

activity is surprising given the absence of the traditional pharmacophore, a 6–membered 

piperidine ring containing a basic nitrogen.  In these studies, we will report the opioid 

receptor binding affinity and selectivity of pawhuskin A using a functional assay based 

on [
35

S]GTP–γ–S binding.   

Because of our well–established history of synthesizing prenylated stilbenes, and 

the unique biological activity of the pawhuskins, we embarked on a synthetic effort 

targeted at pawhuskin analogues.  The preparation of sixteen analogues will be presented.  

The structure–activity relationship studies of twenty compounds correlated to illuminate 
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more information on the novel pawhuskin pharmacophore will also be reported.  Efforts 

toward preparation of more water–soluble structures similar to the pawhuskins will also 

be described.  The interrelated studies involving pawhuskin analogue synthesis and 

elucidation of the novel pharmacophore, as well as interesting chemical findings, will be 

discussed in detail. 
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CHAPTER 1 
BRIEF HISTORY OF STILBENOID SYNTHESIS IN THE WIEMER 
GROUP; THE PAWHUSKINS AND ASSOCIATED BIOLOGICAL 

ACTIVITY 

Stilbenoid synthesis has been a focus of our research group for many years.1  A 

convergent synthetic design can be utilized in order to install the central olefinic moiety 

by way of organophosphorus compounds.  This design has been employed to prepare a 

number of natural products, including the potent anti–cancer compounds known as the 

schweinfurthins and many analogues thereof.  Some of these targeted natural products are 

shown in Figure 1, and include schweinfurthins A (1),2 B (2),3-7 C (3),1 E (4),4 F (5),3,8,9 

and G (6),8 as well as the structurally related vedelianin (7)10 and mappain (8).11  Not 

only do all of these structures consist of a stilbenoid scaffold, but all are partially of a 

terpenoid nature.  The expertise developed while carrying out the synthesis of these 

compounds would become of great value following the isolation of a new class of natural 

products, which would become known as the pawhuskin family.12   
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Figure 1.  Schweinfurthins, Vedelianin, and Mappain 
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In 2004, Belofsky and co–workers reported a small set of prenylated stilbenes that 

they named the pawhuskins.12  This family of compounds was isolated from the common 

North American purple prairie clover (Dalea purpurea) collected near Pawhuska, 

Oklahoma.  The isolates included three new prenylated stilbenes, pawhuskins A–C (9–11, 

Figure 2), as well as the known petalostemumol (12).12-14  Extracts of this plant 

reportedly have been made into teas and used by Native American peoples as a 

prophylactic and for treatment of various ailments.15,16  Belofsky’s findings support this 

ethnomedical use, because the pawhuskins were shown to modulate opioid receptors by 

displacement of a nonselective radioactive antagonist (3[H]–naloxone) in rat brain striatal 

tissue.12,16  The naloxone ligand was chosen in part because it has similar affinities for the 

three major types of opioid receptors, which include the G–protein–coupled kappa (κ), 

delta (δ), and mu (μ) receptors.12,17  The total displacement of naloxone was characterized 

by functional inhibition constants (Ki).  The reported Ki of pawhuskins A, B, and C, and 

petalostemumol were 0.29 ± 0.11 µM, 11.4 ± 7.9 µM, 4.2 ± 3.6 µM, and >100 µM, 

respectively.12  Pawhuskin A was the most potent member of the family.  Thus, it is 

among a small group of compounds not containing a basic nitrogen atom that has 

exhibited effects on the opiate receptor system.16  This activity is surprising given the 

absence of the traditional opioid pharmacophore, which encompasses a 6–membered 

piperidine ring containing a basic nitrogen.12  
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Figure 2. D. purpurea isolates:  Pawhuskins A–C and Petalostemumol 

 

Traditional opioid receptor modulators have been isolated from the opium poppy 

plant (Papaver somniferum) and all contain the piperidine pharmacophore.  These 

extensively studied analgesics include morphine (13), codeine (14), and thebaine (15, 

Figure 3).17  These opium constituents can be used to manage pain by way of opioid 

receptor activation.  Morphine is commonly referred to as the gold standard among 

analgesics,17,18 and is fairly selective (δ/μ = 50, κ/μ = 176) for the μ–receptor (Ki = 1.8 

nM).19  Unfortunately, many adverse side–effects, including tolerance, constipation, 

respiratory depression, nausea, and dependence17,20,21 are correlated with analgesics 
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which include this common piperidine core.  As a result, the need for improved and 

atypical opioid receptor modulators is of great concern in the scientific community.  As 

summarized by T. E. Prisinzano,17 a medicinal chemist who has studied non–nitrogenous 

opioid receptor ligands extensively, “identifying new opioid receptor probes (might have) 

the greatest potential for activity with reduced side–effects.” 

 

 

Figure 3. Traditional opioid receptor modulators with a common N–methyl–piperidine 
core 

 

Several opioid receptor modulators not containing a basic nitrogen atom have 

been isolated from natural sources.  The most studied compound is salvinorin A (16, 

Figure 4), a potent hallucinogen isolated from the Mexican sage, Salvia divinorum.22  

Salvinorin A has been shown to be a κ–opioid (KOP) receptor agonist, and KOP receptor 

ligands have become of interest with respect to studies of addiction and other disorders.23  

Two total syntheses of salvinorin A have been reported,24,25 but modifications of the 

isolated natural product have driven more extensive structure−activity studies.26-32  The 

non–nitrogenous compound dioflorin (17), a prenylated flavonoid, was isolated from the 

Brazilian vine Dioclea grandiflora through activity–guided fractionation33-35 and also 

was shown to have analgesic activity.36  While more extensive efforts to categorize the 
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opioid receptor binding of dioflorin have not yet been reported, bioassays with a series of 

other natural flavonoids including catechin (18) and hesperetin (19) have been conducted 

and demonstrate that this scaffold may have considerable potential for development of 

opioid receptor ligands.37  Other structural subtypes with opioid–binding activity are 

becoming more common,38-40 including stilbenoids more reminiscent of the pawhuskins 

such as resveratrol (20)41,42 and, more recently, chlorophorin (21).43   

In terms of its opioid activity, salvinorin A (16) has been shown to be a functional 

agonist.17,44  Dioflorin (17) and other isolates of Dioclea display morphine–like analgesia 

that is inhibited by naloxone, a nonspecific opioid receptor antagonist, so they are 

presumably agonists as well.35  While the flavan–3–ol catechin (18) had good activity as 

an antagonist at the KOP receptor (Ke = 320 nM), the closely related flavanone hesperetin 

(19) had no activity at the μ, δ, or κ receptors.37  The work of Sobolev and co–workers on 

peanut phytoalexins such as stilbene 21 determined the selectivity of these compounds 

against each opioid receptor, but these compounds have not yet been fully characterized 

using functional assays.16,43   

In these studies, we will report the opioid receptor binding affinity and selectivity 

of pawhuskin A using a functional assay based on [35S]GTP–γ–S binding.16  We will also 

report results of structure–activity relationship studies of the new pawhuskin–related 

analogues constructed in order to elucidate the novel pawhuskin pharmacophore.  Both 

analogue syntheses and interesting chemical findings will be explained in detail.  To fully 

appreciate the significance of these results as they guide further compound design, first it 

is important to understand more of the biochemical pathways associated with the opioid 

receptors.
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Figure 4. Structures of non–nitrogenous opioid receptor modulators 
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coupled (GPCRs) class of receptors, and three major subtypes have been characterized 
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endogenous peptides known as dynorphins,45 while the μ–opioid (MOP)  and δ–opioid 

(DOP) receptors are activated by endogenous peptides known as endorphins and 

enkephalins, respectively.45,46  Once a ligand activates the GPCRs, there is a 

conformational change within the receptor.47  GTP is then exchanged for GDP on the α 

subunit of the G protein.  This allows dissociation of the Gα unit from the βγ 

heterodimer.  This will lead to extracellular responses, e.g., reduction in the sensation of 

pain, through inhibition of adenylyl cyclase, K+ channel activation, and Ca+ channel 

inhibition.47,48      

The opioid receptors also indirectly regulate the release of the neurotransmitter 

dopamine.  MOP receptor agonists increase the release of dopamine;45 this supports early 

studies showing that μ activation elevates mood.49  As mentioned above, there are a 

number of adverse side–effects associated with μ agonists including tolerance, 

dependence, and respiratory depression.  The MOP antagonists naloxone and naltrexone 

are used to treat the unwanted side–effects of analgesics.50  Dopamine levels also are 

increased upon DOP activation, and recent studies have shown that δ stimulation may 

lead to neuroprotection making for a suitable treatment of Parkinson’s disease and a 

potential stroke preventative.46  DOP receptor antagonists are useful in many therapeutic 

settings, including treatment of neurological conditions, drug/alcohol abuse, and gastritis, 

in addition to cardiovascular and respiratory disorders.51  KOP receptors agonists 

decrease the release of dopamine,45 confirming that κ activation can result in dysphoria 

and hallucinogen activity.49  Up–regulation of the endogenous κ ligand dynorphin is a 

natural response to stress, leading to decreased dopamine levels.20  This has led to the 

investigation of κ antagonism as a mode of treating mood disorders such as anxiety and 

depression,21,52 as well as stress–induced craving of stimulant drugs of abuse.21,53 

Because of our well–established history of synthesizing prenylated stilbenes, and 

the unique biological activity of the pawhuskins, we embarked on a synthetic effort 

targeted at these compounds.  Our efforts to characterize the pawhuskin–opioid receptor 
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activity began with the synthesis of the schweinfurthin–reminiscent pawhuskin C (11).  

That work, reported in 2005,54 employed a convergent, late–stage Horner–Wadsworth–

Emmons (HWE) condensation to install the central trans–stilbene olefin (Figure 5).  The 

known phosphonate reagent 23 has been utilized in the syntheses of schweinfurthins A–C 

(1–3),1,2,7 as well as the synthetic analogue 3–deoxyschweinfurthin B (22).55  

 

  

 

Figure 5. Retrosynthesis of Pawhuskin C showing common phosphonate synthon 23 
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The preparation of phosphonate 23 was first reported in 1999.1  For that synthesis, 

the commercial ester 24 (Figure 6) was treated with MOMCl in the presence of NaH, and 

subsequent reduction provided benzyl alcohol 25.  The alcohol was protected by reaction 

with TBSCl prior to the directed ortho metallation, in which the lithium reagent was 

alkylated with geranyl bromide.  The geranylated arene 27 underwent silyl removal with 

TBAF to afford alcohol 28 (in 5 steps from compound 24).  Reaction of alcohol 28 with 

methanesulfonyl chloride provided the intermediate mesylate, and then treatment with 

NaI gave iodide 29.  Phosphonylation through reaction with P(OEt)3 provided the 

corresponding phosphonate 23 in quantitative yield.  Horner–Wadsworth–Emmons 

olefination with with respective aldehydes followed by MOM hydrolysis provided targets 

1–3, and 22.1,2,7,55 

Figure 6. Initial preparation of phosphonate 23 
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installation of a protecting group on alcohol 25 prior to the directed ortho metallation was 

abrogated.  Alcohol 25 (Figure 7) underwent directed ortho metallation upon treatment 

with excess base, forming the dianion intermediate followed by alkylation to directly 

provide alcohol 28 in 3 steps from compound 24.  Compound 28 then was advanced to 

afford the phosphonate 23 as previously described.  This variation thereby reduced the 

overall number of steps in the preparation of phosphonate 23 by two, including the 

installation and removal of the protecting group. 

 

 

 

Figure 7. Efficient preparation of phosphonate 23 
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The reported synthesis of pawhuskin A (9) followed soon after.56  This prenylated 

stilbene was different from the schweinfurthins in the sense that the position of the prenyl 

and geranyl units would require new routes to the coupling partners.  A late–stage HWE 

condensation of aldehyde 30 (Figure 8) and phosphonate 31 would install the central 

trans–stilbene moiety.  This work, reported in 2008,56 paved the way for many analogues 

to come.  Synthesis of the natural bioactive pawhuskins provided benchmarks for our 

study of structure–activity relationships. 

 

Figure 8. Convergent retrosynthetic analysis of Pawhuskin A 

 

The screening process used by our collaborator Dr. Hernán Navarro, RTI 

International, is similar to that used by the group that published the isolation and 

nonselective opioid receptor activity of the pawhuskins.12  In our study, synthetic 

pawhuskins A and C were pre–screened for intrinsic and antagonistic activity at a 

concentration of 10 µM in the [35S]GTP–γ–S binding assay at the human κ, μ, and δ 

opioid receptors overexpressed in Chinese hamster ovary cells.  Compounds identified as 

antagonists were characterized for functional antagonism (Ke) and selectivity by 

measuring the ability of the test compounds to inhibit stimulated [35S]GTP–γ–S binding 

produced by one of three selective agonists DAMGO (μ), DPDPE (δ), or U69,593 (κ). 
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Agonist concentration–response curves were determined in the presence or absence of a 

single concentration of test compound.16   

More recent efforts have focused on the exploration of opioid activity in this 

family by determination of the selectivity of pawhuskins A and C for human κ (KOP), μ 

(MOP), and δ (DOP) receptors.  Even at 10 μM concentrations, pawhuskin A and 

pawhuskin C were found to have no intrinsic agonist activity at any of these receptors in 

the [35S]GTP–γ–S binding assay.  However, further testing showed antagonist activity at 

all three of the opioid receptor subtypes.  Pawhuskin A (9, Table 1) is modestly selective 

for the κ receptor, with a Ke of 203 nM (δ/κ = 14.5, μ/κ = 2.9).  Pawhuskin C (11) also 

displayed some antagonist activity at the KOP receptor (Ke = 25 µM), but was much less 

potent and selective (δ/κ = 1.6, μ/κ = 1.4) than compound 9.16  The data from assays of 

pawhuskin A will be discussed in further detail in Chapter 2. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 
Selectivity 

Compound KOP DOP MOP δ/κ μ/κ 

Pawhuskin A 0.2 2.9 0.57 14.5 2.9 

Pawhuskin C 25 41 35 1.6 1.4 

Table 1. Pawhuskins A and C opioid receptor affinity and selectivity16 

 

While the natural product salvinorin A (16) and many of its analogues are KOP 

receptor agonists, there are only limited examples of non–nitrogenous KOP receptor 

antagonists including some flavanoids.37  Pawhuskin A rivals the potency of the 

flavonoids, although catechin (18) displayed higher selectivity versus the other opioid 
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receptors (μ/κ > 31). However improved KOP receptor selectivity might be uncovered by 

a synthetic exploration based upon the pawhuskin’s stilbene scaffold. Synthetic efforts 

along these lines are encouraged by the recent interest in KOP receptor antagonists as 

potential treatments for stimulant abuse. Such agents might be of particular value as 

potential preventatives for relapse. While there has been some interest in using KOP 

agonists for treatment of substance abuse, compounds such as salvinorin A have been 

accompanied by serious side–effects including potent hallucinogen activity.  

There is a significant relationship between relapse to stimulant abuse and stress.57  

Indeed encounters with stressors, and even images that induce stress, have been shown to 

induce craving in stimulant abusers.58,59  The potent KOP receptor antagonist JDTic60 has 

been shown to block stress induced cocaine seeking behavior and also has demonstrated 

antidepressant–like activity.61  This result was confirmed and expanded to show that 

pretreatment with the κ–opioid antagonist arodyn prevented stress–related induction of 

cocaine–conditioned place preference in rats,62 which further heightens interest in κ–

selective antagonists such as pawhuskin A. 

 In conclusion, the pawhuskin scaffold resembles that of the anti–cancer 

schweinfurthins.  The opioid receptor activity of the pawhuskins is surprising given the 

absence of a piperidine core.  Studies to elicudate more detail on the novel pawhuskin 

pharmacophore began with the synthesis of pawhuskins A and C.  In the next several 

chapters, the synthesis of sixteen pawhuskin analogues will be described.  Unique 

synthetic findings will be explained in detail.  In total, twenty compounds will be assayed 

for pawhuskin–like activity at the opioid receptors in the same manner as described 

above.  This will allow several conclusions to be drawn, including at least some of the 

necessary feature(s) for pawhuskin–opioid receptor activity and how the affinity and 

selectivity for certain receptors has been increased.  In addition, approaches toward 

replacement of the central trans–stilbene olefin with a new core linkage that may be more 

biologically attractive will be described.  
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CHAPTER 2 
STRUCTURAL ANALOGUES OF PAWHUSKIN A:  PROBING THE 

IMPORTANCE OF A–RING SUBSTITUENTS 

As part of an ongoing interest in natural prenylated stilbenes with biological 

activity,2,10 we have undertaken studies to elucidate the character and receptor subtype 

selectivity of opioid modulation by pawhuskins.  As previously described, this effort 

already has led to the synthesis of both pawhuskins A (9)56 and C (11).54  Pawhuskin A 

demonstrated antagonist activity at the κ, δ, and μ receptors, with Ke = 0.20, 2.9, and 0.57 

µM, respectively, and thus some κ–selectivity (δ/κ = 14.5, μ/κ = 2.9).16  Assays with κ–

selective agonist, U69,593, are displayed in Figure 9 in which log concentration of 

agonist was plotted against the percent basal binding.   The addition of various 

concentrations of pawhuskin A caused a rightward shift in the agonist concentration 

response curve, and its antagonism was surmountable, suggesting a competitive mode of 

antagonism.16,63  The agonist alone displayed an EC50 of 192 nM.  In the presence of 

pawhuskin A (1 µM concentration), the EC50 was increased to 1140 nM. 
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Figure 9. Representative graph of the antagonist activity of pawhuskin A in the 
KOP receptor affinity assay.  Each data point represents the mean and SEM of duplicate 

samples.16 

 

Our approach to exploration of the structure−activity relationships of pawhuskin 

A analogues took advantage of a core strategy that we have used in the synthesis of other 

natural stilbenes (Figure 10).5,6,64  A disconnection of the central olefinic moiety (32) 

through a Horner−Wadsworth−Emmons (HWE) transform allows choice of phosphonate 

coupling partners such as 33 and aldehydes such as 34, although the reversed pairing also 

is viable.8,65  This permits maximum convergence and also provides for divergence 

through condensations of one aldehyde with several phosphonates or one phosphonate 

with several aldehydes.66  To begin exploration of the pharmacophore of pawhuskin A, as 
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well as essential binding motifs for κ–selective antagonist activity, we undertook 

syntheses aimed at preparation of a small set of analogues through this strategy.   

Phenolic H–bonding is important to the KOP receptor selectivity of the antagonist 

JDTic and other members of the phenylpiperidine class of opioid receptor modulators.67  

Furthermore, as in past studies of salvinorin A (16),17 the absence of a readily ionizable 

group that would form salt bridges with an opioid receptor suggested that attention 

should be directed at the H–bonding groups of pawhuskin A.  Thus, we chose to prepare 

a number of methylated analogues to assess the importance of H–bond donation from the 

various hydroxy groups without a significant change in electron donation.16  In addition, 

the effect on opioid receptor activity of the presence and position of the C–5 prenyl group 

within the A–ring now was of interest. 
 

Figure 10. Retrosynthesis of analogues 46, 54, 56, 58, and 64 

 

Synthesis of the first B–ring aldehyde 34 (Figure 11) began with commercial 

methyl 3,5–dihydroxybenzoate (35).  Conversion of ester 35 to the known compound 

3,5–bis(methoxymethoxy)benzyl alcohol (36)54 was done by a two–step process 

including MOM protection and reduction.56  Treatment of alcohol 36 with NBS allowed 
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acetal 37 was formed in quantitative yield.  The lithiated arene was formed by reaction 

with n–BuLi, and subsequent treatment with geranyl bromide resulted in formation of 

compound 38.  The THP acetal was selectively hydrolyzed without substantial loss of the 

MOM groups by treatment with TsOH in methanol to afford the benzylic alcohol 39.  

Oxidation to the corresponding aldehyde 34 then was achieved by treatment of the 

benzylic alcohol 39 with MnO2.
16 

 

 

Figure 11. Synthesis of aldehyde 34 

 

The complementary phosphonate reagent 44 (Figure 12) was assembled in order 
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butyn–2–ol to afford the ether 41 in moderate yield.  Partial reduction of the acetylene 

was achieved in the presence of H2 and Lindlar’s catalyst.  Subsequent exposure of the 

allyl ether to reflux in toluene allowed a [3,3]–sigmatropic rearrangement to provide the 

corresponding prenylated arene 42.  MOM protection gave the known intermediate 

aldehyde,68 and NaBH4 reduction of the carbonyl group in methanol gave benzyl alcohol 

43 in high yield.16  Treatment of this alcohol with methansulfonyl chloride and then LiBr 

made available the intermediate bromide.  Standard work–up followed by treatment with 

P(OEt)3 at 90 °C provided the desired phosphonate 44.16  

 

Figure 12.  Preparation of phosphonate 44 
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(Figure 13), was formed from a Horner–Wadsworth–Emmons condensation of 

phosphonate 44 with aldehyde 34 in the presence of KHMDS.  Hydrolysis of the MOM 

protecting groups was carried out under acidic conditions to make available stilbene 46,16 

an analogue of pawhuskin A featuring a specifically blocked H–bond donation site at the 

para position of the A–ring.   

 
 

 

Figure 13.  Condensation and hydrolysis to provide compound 46 
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The removal of the para H–bond donation site from pawhuskin A, as shown in 

compound 46, completely eliminated the competitive antagonism at the KOP, DOP, and 

MOP receptors (Table 2) up to the highest concentration tested.  In fact, weak negative 

allosteric modulation at the KOP and MOP receptors was observed with this analogue.  

Therefore, this particular H–bond donation site appears to be critical for affinity with the 

opioid receptors. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin A 0.2 2.9 0.57 NA NA 

46 >10 >10 >10 0.46 >10 

Table 2. The opioid receptor affinity of analogue 46 

 

The implication of removing the A–ring prenyl group from pawhuskin A was 

assessed through the preparation of simplified phosphonate 48.  Through parallel 

reactions, the HWE reagents 50 and 52 also were made.  Preparation of these fairly 

simple phosphonates (Figure 14) began with the known 3,4–bis(methoxymethoxy)benzyl 

alcohol (47),56 4–(methoxymethoxy)benzyl alcohol (49),69 and 3–

(methoxymethoxy)benzyl alcohol (51).70  In each case, the alcohol was treated with 

methanesulfonyl chloride to give an intermediate mesylate.  Treatment of each mesylate 

with LiBr afforded the corresponding bromide, and standard Arbuzov reactions with 

triethyl phosphite provided the three benzyl phosphonates 48,71 50, and 52.  The latter 
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was completed in significantly higher yield than the others, perhaps because it was done 

at a time when there was more extensive experience with this particular reaction.   

 

 

 

Figure 14. Preparation of phosphonates 48, 50, and 52 
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Figure 15. Condensations and hydrolyses to provide analogues 54, 56, and 58 
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accepting site(s).  From this study, it is now clear that the presence of this C–5 alkyl 

group is important to analogue–receptor binding. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin A 0.2 2.9 0.57 NA NA 

54 >10 >10 >10 >10 >10 

56 >3 >10 >3 NA NA 

58 >10 >10 >10 >10 >10 

Table 3. The opioid receptor affinity of analogues 54,16 56, and 58 

  

The consequence of relocating the prenyl group within the A–ring was assessed 

through the preparation of the more functionalized phosphonate 62 (Figure 16).  This 

reagent was prepared from the known alcohol 3,4–bis(methoxymethoxy)benzyl alcohol 

47, which in turn is available in just two steps from commercial 3,4–

dihydroxybenzaldehyde (59).56  The prenylated arene 61 was delivered upon use of a 

directed ortho metallation/transmetallation/alkylation protocol.56  The regiochemistry was 

established by 1H NMR:  the doublets within the aromatic region had a coupling constant 

(J) of approximately 2 Hz indicating meta–coupled aromatic hydrogens. 

The alcohol 61 was subsequently treated with methanesulfonyl chloride, then 

LiBr to provide the intermediate mesylate and bromide, respectively.  Finally, treatment 

with triethylphosphite at an elevated temperature resulted in formation of benzyl 

phosphonate 62.16 
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Figure 16. Formation of phosphonate 62 
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(relative to the central stilbene) which is isomeric in comparison to pawhuskin A which 

bears an ortho prenyl group.  To access this analogue, an HWE condensation of 

phosphonate 62 with aldehyde 34 in the presence of KHMDS was conducted, and the 

reaction resulted in formation of stilbene 63.  Acid hydrolysis of the MOM protecting 

groups provided the A–ring analogue 64, which is regioisomeric to pawhuskin A. 
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Figure 17. Condensation and hydrolysis to provide compound 64 

 

Competitive antagonism at the opioid receptors diminished in the reorganized 

prenyl analogue 64 (Table 4), even though the B–ring substructure of pawhuskin A is 

completely intact.  However, it is important to note that compound 64 displayed 35%, 

54%, and 16% agonist activity at 10 µM at the KOP, DOP, MOP receptors, respectively, 

compared to control Emax.  These data will be revisited in Chapter 3, as a comparison 

standard for analogues made up of this A–ring, but with variations within the B–ring of 

the natural product pawhuskin A.  The position of the A–ring C–5 substituent group will 

prove to be a significant factor in receptor selectivity. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin A 0.2 2.9 0.57 NA NA 

64 >10 >10 >10 NA NA 

Table 4. The opioid receptor affinity of analogue 64 
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In conclusion, a number of structural analogues of pawhuskin A featuring only 

A–ring variations were prepared.  The methyl ether 46 tested the importance of the 

hydroxyl group para to the stilbene linkage and its relationship to pawhuskin–receptor 

affinity.  Compounds 54, 56, and 58 confirmed the importance of the presence of the C–5 

substituent group.  At this point, the significance of the position of the prenyl 

functionality was not yet completely clear.  This concept, and test compound 64, will be 

revisited in Chapter 3, along with the preparation and opioid receptor analysis of several 

new compounds with further variations on the pawhuskin scaffold. 
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CHAPTER 3 
STRUCTURAL ANALOGUES OF PAWHUSKIN A:  PROBING THE 

IMPORTANCE OF B–RING SUBTITUENTS 

As described in the previous chapters, a small set of pawhuskin A analogues has 

been prepared to assess the importance of A–ring H–bond donation to receptor binding.  

Bioassays on these compounds demonstrated that the hydroxyl group para to the stilbene 

linkage was critical for ligand–receptor binding because mono methylation of this 

hydroxyl group diminished competitive antagonism at all of the opioid receptors.  In 

addition, it was found that the A–ring prenyl group was an important factor for binding.  

Analogues featuring a left–half lacking the prenyl group or the para H–bond donation 

site displayed weak affinity for all opioid receptor subtypes.  This chapter will detail 

analogues with A–ring features parallel to those discussed in Chapter 2, but with 

variations in the B–ring which would entail blocked sites of H–bond donation.  Such 

compounds would be based upon the representative stilbene 65 which could be seen 

arising from phosphonate 33 and aldehyde 66 through a Horner–Wadsworth–Emmons 

condensation reaction as shown in Figure 18.  We prepared a number of analogues to 

assess the significance of the H–bond donation/accepting sites and steric properties 

within the B–ring.  As a result of this study, a crucial finding emerged regarding the 

significance of the position of the prenyl group within the pawhuskin A–ring and 

implications on opioid receptor selectivity. 
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Figure 18. Retrosynthesis of analogues 79, 81, 83, 85, 86, 88, 90, and 91 

 

Synthesis of the aldehyde 66 (Figure 19) began with commercial methyl 3,5–

dihydroxybenzoate 35.  Compound 35 was methylated and then reduced to afford alcohol 

67.  Conversion of this benzyl alcohol to the known aryl bromide 68 was achieved in 

high yield upon treatment with NBS.72  Protection of the alcohol as the THP acetal and a 

metallation/transmetallation/alkylation sequence provided geranylated arene 70 in modest 

yield.16,73  Hydrolysis of the THP acetal under acidic conditions allowed formation of 

benzyl alcohol 71, and subsequent oxidation provided the corresponding aldehyde 

coupling partner (66).16  Preparation of this aldehyde required a sequence of 5 steps from 

commercial starting material 67, but proceeded in 11% overall yield. 
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Figure 19. Synthesis of aldehyde 66 

 

To prepare the complementary phosphonate 73 (Figure 20) a two–step sequence 

from the known phosphonate 44 was required.16  The synthesis of compound 44 was 

discussed in Chapter 2.  To begin the preparation of compound 73, hydrolysis of the 

MOM protecting group in 44 gave phenol 72.  Standard reaction with iodomethane and 

base afforded the dimethylated phosphonate 73.16 
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Figure 20. Preparation of phosphonate 73 

 

Preparation of the pawhuskin A left–half phosponate 75 began with commercial 

3,4–dihydroxybenzaldehyde (59, Figure 21).  The known alcohol 4774 was readily formed 

via MOM protection of aldehyde 59 followed by reduction.  As previously published, the 

prenylated arene 74 was made available by directed ortho metallation;56 this particular 

reaction will be discussed in more detail in Chapter 5.  Conversion of alcohol 74 to the 

phosphonate 75 was accomplished through the intermediate mesylate and bromide. 
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Figure 21. Formation of phosphonate 75 

 

Preparation of stilbene 64 from phosphonate 62 and aldehyde 34 was discussed in 

Chapter 2 (Figure 22).  This compound features a relocated prenyl group within the A–

ring.  Likewise, Kevyn D. Gardner has prepared the related compound 77 from 

phosphonate 62 through an HWE condensation with the aldehyde she prepared, 

compound 76.  Compound 77 highlights the same relocated prenyl group, in addition to 

blocked H–bond donation within the B–ring, and a tolyl group as a prenyl group mimic.  

The tolyl group is shorter than the natural C–10 length, but has more π character.  These 

compounds and their respective opioid receptor data will be revisited with analysis later 

in this chapter. 
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Figure 22. Pawhuskin analogues 64 and 77 

 

A small set of analogues derived from the aldehyde 66 was assembled, 

highlighting blocked B–ring H–bond donation sites.  First, a compound featuring the 

3,4,5–substitution pattern within the A–ring was targeted.  In the presence of KHMDS, 

condensation of phosphonate 62 with aldehyde 66 resulted in formation of stilbene 78 

(Figure 23).  Both MOM protecting groups were then hydrolyzed under standard acidic 

conditions to provide the desired analogue 79.16 
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Figure 23. Condensation and hydrolysis to provide analogue 79 

 

Test compound 64 highlighted a 3,4,5–substituted A–ring, and assays revealed 

that affinity for all of the opioid receptors was lost (Table 5).  Transposition of the A–ring 

prenyl group in the presence of blocked B–ring H–bond donation sites, as shown in 

compound 79 (Table 5), shows that these changes reestablished affinity for the KOP 

receptor (Ke = 150 nM).  Affinity for the κ receptor increased by a factor >67, in 

comparison to compound 64, with no detectable gain in affinity for the δ or μ receptors.  

In fact, analogue 79 showed better binding affinity to the κ receptor than pawhuskin A 

itself, and also demonstrated dramatically improved selectivity (δ/κ at least 4–fold larger 

and μ/κ at least 20–fold larger for compound 79 than for pawhuskin A). Indeed we could 

not find antagonist activity at the μ or δ receptors for compound 79 up to the highest 

concentrations typically tested (10 μM). This compound demonstrates that methylation of 

the malonate–derived hydroxyl groups on the pawhuskin A scaffold does not abrogate the 

KOP receptor antagonist activity on this stilbene structure.16  With respect to compound 

79, replacement of the geranyl substituent in the B–ring with an aryl group as shown in 

target compound 77, completely sacrifices activity at the opioid receptors.  Based on 

these data, the nature of the B–ring substituent appears to be an important factor in opioid 

receptor binding. 
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 apparent affinity of competitive 

antagonists (Ke) in µM 
Selectivity 

Compound KOP DOP MOP δ/κ μ/κ 

Pawhuskin A 0.2 2.9 0.57 14.5 2.9 

64 >10 >10 >10 - - 

79 0.15 >10 >10 >67 >67 

77 >10 >10 >10 - - 

Table 5. The opioid receptor affinity and selectivity of analogues 64, 79,16 and 77 

 

In order to test the hypothesis that the alkyl substituent in the A–ring is integral 

for opioid receptor affinity, aldehyde 66 was condensed with the simplified phosphonates 

48, 50, and 52 in the presence of base (Figure 24).  In earlier HWE condensations, such 

as the reaction between compounds 66 and 48 to form stilbene 80, the base NaH was 

used as a dispersion in mineral oil.  Due to the inherent hydrophobic character of this 

family of compounds, this formulation made it more difficult to isolate the stilbene 

product from unwanted mineral oil and at times there were significant impurities in the 

1H NMR spectrum of the stilbene products.  This separation was problematic even when 

the mixture of base and mineral oil was washed repeatedly with hexanes prior to the 

reaction.  The alternate base KHMDS was selected shortly after preparation of the initial 

targets and used as a commercial solution in THF or toluene.  With this base, the HWE 

condensations of aldehyde 66 and phosphonates 50 and 52 proceeded smoothly, and 

provided stilbenes 82 and 84 in satisfactory yield.  Following acidic hydrolysis of the 

MOM protecting groups, the desired target compounds 81,16 83, and 85 were obtained, 
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and all three compounds were screened for opioid receptor activity.  Unfortunately, 

compound 83 was obtained in lower yield than compounds 81 and 85, but given its 

limited bioactivity (vide infra), efforts to improve this sequence were not pursued. 

Figure 24. Condensations and hydrolyses to provide analogues 81,16 83, and 85 
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complete removal of the alkyl substituent in the A–ring, regardless of B–ring hydrogen 

bond contacts (Table 6).  Analogues 81 and 85 displayed little to no competitive 

antagonism.  Compound 83 demonstrated weak affinity for a negative allosteric site. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin A 0.2 2.9 0.57 - - 

81 >10 >10 >10 - - 

83 - - - 3.26 0.56 

85 >3 >10 >3 - - 

Table 6. The opioid receptor affinity of analogues 81,16 83, and 85 

 

Coupling of aldehyde 66 and phosphonate 73 via HWE condensation afforded the 

fully methylated pawhuskin A analogue 86 (Figure 25).16  This analogue would mimic 

the steric footprint of pawhuskin A, and clarify the importance of the H–bond donors in 

both rings.  Condensation of aldehyde 66 and phosphonate 44 followed by hydrolysis of 

the MOM group upon treatment with TsOH in methanol provided analogue 88.16  

Exposing the A–ring meta hydroxyl contact alone would not be expected to reestablish 

affinity for the opioid receptors based on the findings with compound 46.  Compound 86 

also was prepared from stilbene 88 upon treatment with NaH and iodomethane in good 

yield.16  It was expected that the yield to prepare compound 86 might be higher over the 3 

steps from phosponate 44 to phosphonate 73 (previously described in Figure 20), and 

finally olefination with aldehyde 66, because the convergence is done later in the 
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sequence.  However, both routes to the tetramethyl compound 86 were accomplished in 

18% yield over 3 steps. 

Figure 25.  Condensations and hydrolyses to afford analogues 86 and 88 
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With analogues 86 and 88 in hand, it was possible to probe the impact of 

elimination of the para H–bond contact in addition to the meta contact.  This was an 

interesting target, because of the already established importance of the A–ring para 

hydroxyl functional group and the exciting activity of compound 79.  Bioassays with 

analogue 90 (Figure 26) would allow comparison of the relative activity of the two alkyl 

regioisomers.  Therefore coupling of phosphonate 75 with aldehyde 66 was conducted to 

obtain the stilbene 89.  Following MOM deprotection of the MOM acetal 89, compound 

90 was available for those comparisons. 

Figure 26. Condensation and hydrolysis to provide analogue 90 

 

Bioassays on the new stilbenes prepared above allowed a host of comparisons.  

Full methylation of pawhuskin A, as shown in target compound 86 (Table 7) completely 

destroyed affinity for the KOP, DOP, and MOP receptors.  Exposure of the A–ring meta 

H–bond donation contact (88) did not restore affinity for these receptors, and confirms 

the importance of hydrogen bonding to these receptors.  However, exposing the para H–

bond contact in addition to the meta contact, as shown in compound 90 greatly increased 

affinity for the δ receptor (Ke = 25 nM) and not the κ receptor.  This is a remarkable 

finding given the affinity of stilbene 79 for the κ receptor.  This indicates that the position 
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of the C–5 prenyl group upon the A–ring is integral to receptor selectivity.  Analogue 90 

is approximately 400 times more selective for the δ receptor than the κ receptor.  In 

addition, the previous finding that removal of H–bond donation within the B–ring does 

not abrogate KOP receptor antagonist activity is also true for this interaction with the 

DOP receptor. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 
Selectivity 

Compound KOP DOP MOP δ/κ μ/κ 

Pawhuskin A 0.2 2.9 0.57 14.5 2.9 

86 >10 >10 >10 - - 

88 >10 >10 >10 - - 

90 >10 0.025 ND <0.0025 ND 

Table 7. The opioid receptor affinity of analogues 86,16 88,16 and 90 

 

Because the fully methylated variation on pawhuskin A (stilbene 86) was inactive, 

removal of the analogues’ A–ring prenyl group would not be expected to reestablish 

opioid receptor affinity.  It was discovered previously that removal of this carbon chain 

functionality in addition to methylation of the para hydroxyl group was not favorable.  

Bioassays with target compound 91 (Figure 27) might serve to reinforce both of these 

points.  The earlier preparation of compound 81 allowed formation of permethylated 

analogue 91 upon treatment with weak base (K2CO3) and iodomethane.16 
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Figure 27. Divergence of compound 81 to provide analogue 91 

 

As mentioned above, the full methylation of pawhuskin A shown in structure 86 

diminished antagonist activity at all three opioid receptor subtypes.  Formal removal of 

the A–ring prenyl group as shown in compound 81 also weakened receptor affinity.  As 

expected based on our evolving understanding of the pharmacophore, compound 91 

(Table 8) was inactive.  This finding once again confirms that the para H–bond donation 

site and the prenyl group in the A–ring are significant factors in pawhuskin binding to the 

opioid receptors. 

 

 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin A 0.2 2.9 0.57 - - 

91 >10 >10 >10 - - 

 

Table 8. The opioid receptor affinity of analogue 9116 
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In summary, several analogues where H–bond donation within the B–ring was 

eliminated by methylation have been made.  Compounds 79 and 90 helped to 

demonstrate that methylation of the malonate derived–hydroxyl groups does not abrogate 

affinity for the opioid receptors.  Compound 77, the variation of stilbene 79 with an aryl 

substituent on the B–ring, helped to demonstrate that the geranyl length chain is desirable 

for KOP receptor antagonist activity.  Compounds 81, 83, 85, and 91 were simplified by 

formal removal of the A–ring prenyl group and tested.  Based on the assay of these four 

compounds and the conclusions discussed in Chapter 2 from the data of analogues 54, 56, 

and 58, the prenyl functionality is key in binding to the receptors.  Methylation of the 

para position in the A–ring destroyed opioid receptor affinity; this was observed in 

Chapter 2, and confirmed in Chapter 3 through synthesis and bioassays of compounds 86, 

88, and 91. 

The findings of Chapter 2 and Chapter 3 are summarized in Figure 28.  In 

pawhuskin A, the presence of the para H–bond is a key to opioid receptor binding.  The 

presence and position of the A–ring prenyl group is significant to activity, but the 

position of this alkyl group determines the selectivity whether it be κ or δ.   The removal 

of the B–ring hydrogen bond donors by methylation does not abrogate binding to the 

opioid receptors.  The length of the alkyl substituent in the B–ring is seemingly important 

in opioid receptor binding, as demonstrated through studies where this was replaced with 

a m–tolyl group. 
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The studies presented to this point describe a total of fourteen pawhuskin A 

analogues that have been prepared.  Once aldehydes 34 and 66 were in hand, a number of 

stilbene variations could be prepared and tested for opioid receptor activity.  The most 

noteworthy compounds are 79 and 90.  The isomeric pawhuskin A analogue 79 (Figure 

29) exhibited greater affinity and selectivity for the KOP receptor than pawhuskin A 

itself, indicating that this shikimate–derived ring is a key for κ–opioid receptor binding.16  

The displacement of the known κ agonist, U69,593, from the KOP receptor by compound 

79 is shown below.  The percent basal binding increases as the concentration of the 

agonist increases.  The curve for the agonist alone is depicted, as well as the agonist in 

the presence of the ligand 79.  The rightward shift of the curve is an indication of a 

competitive mode of antagonism.  The EC50 of the agonist alone is 184 nM.  In the 

presence of compound 79, the EC50 of the agonist is 4250 nM or ~20–fold greater.  

Compound 79 shows significantly greater selectivity for the KOP than PF–04455242, 

which was advanced to Phase 1 clinical trials for alcohol dependency, albeit with 

significantly lower potency (∼150 nM vs 3 nM).16,20,45  While the study of KOP agonists 

Pawhuskin A

OH

OH

HO

HO

 

Presence of para 
hydrogen bond 

donor is important 
in opioid  

receptor binding 

Presence of A–ring 
prenyl group is 

important in 
binding; position 

determines 
selectivity 

Removal of B–ring 
hydrogen bond 

donors by 
methylation does not 
abrogate binding to 
the opioid receptors 

Length of the B–
ring alkyl chain 

appears to be an 
important factor in 

opioid receptor 
binding 

Figure 28. Pawhuskin A and the opioid receptors in brief 



44 
 

 

for treatment of pain and addiction has been moving forward, their potential may be 

limited by side effects such as hallucinations and dysphoria. This makes the discovery of 

additional classes of opioid receptor antagonists appealing. Therefore, this stilbene 

scaffold may present new opportunities for the discovery of compounds with utility in the 

treatment of addiction and depression.16 

 

 

            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
    

Figure 29. Representative graph of the antagonist activity of compound 79 in the KOP 
receptor affinity assay. Each data point represents the mean and SEM of 

duplicate samples. 

 

Analogue 90 (Figure 30) exhibited substantial affinity and selectivity for the DOP 

receptor, indicating again that the shikimate–derived ring is a key for opioid receptor 

selectivity.  The displacement of the known δ agonist, DPDPE, from the DOP receptor is 

79
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shown below.  With increasing concentration of agonist, the percent basal binding 

increased.  Again the curve for the known agonist bound to the receptors is shown, in 

addition to the curve for the bound agonist in the presence of test compound 90.  The 

curves suggest a competitive mode of antagonism, similar to that of pawhuskin A.  The 

EC50 of the agonist alone is 13.2 nM, and in the presence of compound 90, the EC50 of 

the agonist is increased to 6600 nM or approximately 500–fold greater.  Analogues 79 

and 90 exhibited greater affinity for the opioid receptors than pawhuskin A, albeit 

stilbene 90 is selective for the δ receptor.  The only distinction between these compounds 

is the position of the prenyl substituent.  As discussed in Chapter 1, DOP receptor 

antagonists, such as compound 90, are potential therapies for drug and alcohol abuse as 

well as neurological conditions, and other disorders.51 
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Figure 30. Representative graph of the antagonist activity of compound 90 in the DOP 
receptor affinity assay. Each data point represents the mean and SEM of 

duplicate samples. 

 

In the future, the preparation of the mono methyl B–ring aldehydes 96 and 97 

(Figure 31) should be revisited.  Aldehydes 96 and 97 are accessible from commercial 

methyl 3,5–dihydroxybenzoate 35.  Upon treatment of ester 35 with BF3•OEt2 and 

geraniol, electrophilic aromatic substitution provided compound 92.  Methylated products 

93–95 were formed in the presence of potassium carbonate and iodomethane.  The mono 

methylated compounds 94 and 95 were identified by HMBC experiments.  A few simple 

conversions of esters 94 and 95 would provide aldehydes 96 and 97, respectively.  HWE 

90 
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olefination reactions of these aldehydes with phosphonate 75, followed by MOM 

deprotection would afford analogues 98 and 99.  Bioassay of these targets might tell 

which one (or both) H–bond contact(s) within the B–ring is (are) essential for pawhuskin 

A binding. 

 

Figure 31.  Preparation of mono methylated B–ring isomers 
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The studies encompass variations as simple as selective methylation of hydroxyl 

groups in order to assess the significance of H–bond donation to the receptor site without 

a significant change in electron donation.  A more challenging evaluation required the 

assessment of steric effects by variation of the length and position of the isoprenoid 

chains.  These initial findings should allow further compound design and certainly guide 

the preparation of pawhuskin A–like analogues with more drug–like characteristics.  

Similarly, a small set of easily accessible pawhuskin C analogues has been constructed 

and the same method was utilized in order to test the compounds’ affinity for the opioid 

receptors.  These studies will be presented in the following chapter. 
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CHAPTER 4 
STRUCTURAL ANALOGUES OF PAWHUSKIN C:  ASSESSING THE 

SIGNIFICANCE OF VARYING THE ISOPRENOID CHAIN 

Pawhuskin A was found to be the most active member of the D. purpurea isolates 

by Belofsky and coworkers.12  The reported affinity (Ki) was 0.29 ± 0.11 µM in their 

opioid receptor assay, in which the nonselective antagonist 3[H]–naloxone was displaced 

from striatal rat tissue.  The second most active isolate was pawhuskin C (11), with a Ki = 

4.2 ± 3.6 µM.  Because a number of pawhuskin C–like synthons were easily accessible 

through our previous studies of the pawhuskins and the anti–cancer 

schweinfurthins,54,55,64,75 a small number of test compounds of this chemotype was 

prepared.  The results of this study would illuminate the importance of the hydrophobic 

substituent on the B–ring.  This set includes the natural products schweinfurthin J (100, 

Figure 32) and schweinfurthin I (101), which were isolated from the African plant M. 

schweinfurthii and provided to us by colleagues at the National Cancer Institute–

Frederick.76,77  The bioassay data also will encompass schweinfurthin C (3)1 and mappain 

(8),11 which were prepared by the Wiemer group as reported elsewhere. 
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Figure 32. Pawhuskin C and structurally similar compounds 

 

As described above, a disconnection of the central olefinic moiety by Horner–

Wadsworth–Emmons condensation involving reversed pairing is viable.8,65  Stilbenes 

prepared in Chapters 2 and 3 were retrosynthetically described from a left half 

phosphonate and a right half aldehyde.  Because the left half phosphonate was known8 

and available for this study, the synthesis in this chapter would entail a condensation of a 

left half aldehyde 103 and the right half phosphonate 104 in order to provide the 

representative stilbene 102 (Figure 33).  
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Figure 33.  Retrosynthesis of analogues 110 and 113 

 

Synthesis of the required phosphonate 104 (Figure 34) began with commercial 

methyl 3,5–dihydroxybenzoate (35).  Compound 35 underwent MOM protection and 

reduction smoothly to provide the known 3,5–bis(methoxymethoxy)benzyl alcohol 36.54  

Treatment of compound 36 with TBSCl in the presence of imidazole allowed formation 

of the silyl ether 105.54  Directed ortho metallation of the silyl ether 10554 allowed 

formation of the known prenylated arene 106.66  Removal of the silyl protecting group in 

the presence of TBAF,54 followed by standard Arbuzov conditions9,54 through the 

intermediate mesylate and bromide, allowed formation of the known phosphonate 104.8,9  

Analogues of this type would allow us to evaluate the significance of the 10–carbon chain 

of the natural product. 
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Figure 34. Formation of phosphonate 104 

 

A small set of analogues based upon the HWE reagent 104 was desired in order to 

determine the significance of the isoprenoid functional group on the pawhuskin C 

scaffold.  Phosphonate 1048,9 (Figure 35). was used to access the prenylated pawhuskin C 

analogue 11078,79 and the natural product trans–arachidin–2 (113).78,79  Condensation of 

phosphonate 104 with the known aldehyde 10854 gave the protected stilbene 109.  

Hydrolysis of the four MOM acetals of compound 109 gave stilbene 110.  The closely 

related compound 112 was formed through an HWE condensation of phosphonate 104 

with the known aldehyde 11180 in the presence of KHMDS.  The use of the MOM 

protecting group for all the hydroxyl groups of compound 112 allowed deprotection to 

stilbene 113 in a single step, which is more efficient than the previous synthesis.81  While 

the potential H–bond contacts of stilbene 110 remained consistent with those of 
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pawhuskin C, the natural product 113 featured a deleted H–bond donation/accepting site 

at the meta position of the A–ring.   
 

Figure 35. Condensations and hydrolyses to provide analogues 110 and 113 

 

Similar to the work described in Chapters 2 and 3, the compounds initially were 

screened for intrinsic and antagonistic activity at 10 µM in the G–protein coupled 

receptor assay.  The ability to displace the agonists from the opioid receptors was 

measured and characterized by Ke.
16   
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Test compound 110 (Table 9) highlighted a shortened prenyl–length chain, as 

compared to pawhuskin C which bears a geranyl–length chain.  From our assays with this 

compound it is clear that the apparent affinity for all of the opioid receptors was minimal.  

Further simplification, entailing removal of the meta H–bond donation and accepting site, 

as shown in compound 113, completely diminished competitive antagonism and only an 

extremely weak affinity for a negative allosteric site was observed.  However, in 

schweinfurthin J (100), the case where the alkyl chain is lengthened to C–15 while the 

meta phenolic hydroxyl group is still absent vis-à-vis pawhuskin C, displacement of the 

opioid receptor agonists increases, especially at the MOP receptor (Ke = 3 µM).  This 

data indicates the alkyl chain length is an important factor in opioid receptor activity.  

Similar findings were observed in Chapter 3, albeit the pawhuskin A analogues feature an 

ortho substituted prenyl group rather than the para substitution pattern that is shown here. 
 

 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin C 25 41 35 - - 

110 >10 >10 >10 - - 

113 - - - >10 >10 

100 9 6 3 - - 

Table 9. The opioid receptor affinity16 of analogues 110 and 113 and 
Schweinfurthin J (100) 

 

A small set of other natural products also was tested for opioid receptor activity.  

Schweinfurthin C (3, Table 10) is structurally very similar to pawhuskin C; it can be 
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viewed as an analogue with an added steric factor in the geranyl–length chain within the 

A–ring.  Though affinity for the κ receptor was lost with schweinfurthin C, the affinity 

for the δ and μ receptors increased from Ke = 41 µM and 35 µM in pawhuskin C, to Ke = 

13 µM and 14 µM respectively in compound 3.  The natural product mappain (8) is 

comparable to schweinfurthin C (3) in structure, and similar to prepared analogues 110 

and 113 in that it contains a shortened alkyl chain in the B–ring.  With this compound the 

affinity for the KOP receptor was regained, and the Ke at the MOP receptor decreased to 

29 µM.  Schweinfurthin I (101) entails complete removal of the B–ring alkyl group, as 

well as a deleted phenolic hydroxyl group at the meta position within the A–ring.  With 

these changes, the activity at the μ receptor was completely lost.  It is apparent that the 

steric and hydrophobic character of the geranyl chain of pawhuskin C is important for its 

MOP receptor affinity.  Shortening the isoprenoid chain diminishes affinity, and as 

shown before lengthening the chain to a farnesyl–length increases affinity for the μ 

receptor.  However, although the C–15 isoprenoid increases affinity for the MOP 

receptor, the calculated functional antagonism is still weak (Ke = 3 µM).   
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 apparent affinity of competitive 

antagonists (Ke) in µM 

IC50 of negative allosteric 

modulators in µM 

Compound KOP DOP MOP KOP MOP 

Pawhuskin C 25 41 35 - - 

3 >100 13 14 - - 

8 11 10 29 - - 

101 13 11 >100 - - 

Table 10. The opioid receptor affinity of the natural products Schweinfurthin C (3), 
Mappain (8), and Schweinfurthin I (101) 

 

In summary, analogues featuring variations in isoprenoid chain length were 

prepared or secured from colleagues, tested in functional assays, and the assay results 

were analyzed.  Analogues 110, 113, and schweinfurthin J (100) revealed the significance 

of the hydrophobic geranyl functionality in pawhuskin C.  Shortening this group to a 

prenyl length is unfavorable for opioid receptor affinity, whereas lengthening it to a 

farnesyl (C–15) length is favorable for both activity and μ receptor selectivity.  

Schweinfurthin J (100, Table 11) is 2 times more selective for the μ receptor than δ, and 3 

times more selective for the μ receptor than that of κ.  Shortening the geranyl chain in 

schweinfurthin C (3) to a prenyl chain as shown in mappain (8), decreased affinity for the 

MOP receptor.  Similarly, complete removal of the isoprenoid group from the B–ring 

completely eliminated activity at the μ receptor. 
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 apparent affinity of competitive 

antagonists (Ke) in µM 
Selectivity 

Compound KOP DOP MOP δ/κ μ/κ 

Pawhuskin C 25 41 35 1.6 1.4 

100 9 6 3 0.67 0.33 

Table 11. The opioid receptor selectivity of Schweinfurthin J (100)16 

 

Of the pawhuskin C analogues, schweinfurthin J (100) was the only compound to 

demonstrate appreciable activity in these G–protein coupled receptor binding assays.  

Schweinfurthin J, with a weak Ke of 3 μM for the MOP receptor and limited selectivity 

(δ/κ = 0.67, μ/κ = 0.33), is the only stilbene we have studied that shows selectivity for the 

μ–opioid receptor.  Interestingly, schweinfurthin J is also closely related to chlorophorin, 

which was shown by Sobolev and co–workers to lower agonist binding to the κ and δ 

receptors to an equal extent but to have no substantial effect on the binding of agonists to 

the μ-opioid receptor.16,43  It would be interesting to target new analogues of pawhuskin C 

with yet an even more hydrophobic character, e.g. the geranylgeranyl (C–20) or 

geranylfarnesyl (C–25) analogues.  This may allow for increased affinity for the μ–

receptor, and eventually the limit to which the receptor will tolerate the increased steric 

bulk would be established. 

The G–protein coupled receptor assay used for screening the synthetic pawhuskin 

A and pawhuskin C analogues appears to be an efficient method for identifying potency 

and selectivity at the opioid receptors.  Screening such compounds with minor structural 

differences from the parent compounds might reduce the impact of variables such as the 
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analogues’ water solubility or metabolic stability.  Ultimately, the more active 

compounds should be tested in much more complex animal assays. 
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CHAPTER 5 
DISCOVERY OF A NEW REGIOISOMER IN A DIRECTED ORTHO 

METALLATION REACTION 

The utility of directed ortho metallation (DOM) was explored in the preparation 

of schweinfurthin C (3, Figure 36).  The work reported in 1999 described an attempt at 

linear construction toward the doubly geranylated stilbene scaffold utilizing a late–stage 

DOM reaction.1  Horner–Wadsworth–Emmons coupling of aldehyde 114 and 

phosphonate 115 in the presence of NaH gave E–stilbene 116.  Removal of the t–

butyldimethylsilyl group was achieved upon treatment with TBAF in good yield.  

Reaction of phenol 117 with sodium metal and geranyl bromide provided the C–alkylated 

product 118 in 14% yield, and the O–alkylated product 119 in 6% yield.  Unfortunately, 

virtually no starting material was recovered from this reaction, which meant that 

recycling of compound 117 was not an option.  Because only traces of the desired C–

alkylated product 118 were obtained, attempts toward schweinfurthin C (3) via use of a 

late–stage DOM reaction to alkylate the A–ring were abandoned. 
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Figure 36. Linear strategy toward Schweinfurthin C1 

 

An alternate preparation of schweinfurthin C (3) involved a late–stage convergent 

sequence through aldehyde 120 (Figure 37), which would be derived from commercial 

vanillin (121).1  This approach proved to be viable and thus was employed in the total 

syntheses of virtually all of the schweinfurthins3,4,6-9,75 as well as vedelianin (7)10 and 

mappain (8).11  Syntheses of all of these natural products were published in the years 

following the first synthesis of schweinfurthin C.1   
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Figure 37. Revised retrosynthesis of Schweinfurthin C from Vanillin 

 

The more structurally complex schweinfurthins, such as schweinfurthins F (5) and 

G (6), were assembled in a parallel manner to the preparation of schweinfurthin C (3).  

As reported in this 2008 publication, the geranylated arene 127 (Figure 38) was derived 

from bromovanillin (122) in 5 steps and 61% yield,8 or 6 steps and ~60% yield from the 

commercial starting material vanillin (121).  Demethylation of bromovanillin (122) made 

available aldehyde 123.  MOM protection of the hydroxyl group followed by NaBH4 

reduction of the aldehyde provided benzyl alcohol 125.  The alcohol was protected in the 

presence of TBSCl and imidazole to obtain the silyl ether 126.  Finally, halogen–metal 

exchange effectively delivered the C–alkylated product 127 upon treatment with n–BuLi 

and geranyl bromide.  Further modifications of this general approach would eventually 

make available schweinfurthins F (5) and G (6).8  It should be noted that these 

substitution patterns (i.e. meta–coupled aromatic hydrogens) consistently are observed as 

characteristic doublets with a coupling constant J = ~2 Hz in the 1H NMR spectra (e.g. 

compounds 122–127).8    
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Figure 38. Synthesis of alkylated arene 127 toward Schweinfurthins F and G8 

 

A new regioisomer of this alkylated arene would be prepared efficiently in the 

convergent sequence toward pawhuskin A (9) by way of a DOM strategy.56  As shown in 

Figure 39, MOM protection of 3,4–dihydroxybenzaldehyde (59) followed by reduction 

with LiAlH4 would provide the alcohol and DOM precursor 47.  Dianion formation in the 
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presence of n–BuLi, subsequent cuprate formation, and eventual alkylation with prenyl 

bromide made available the prenylated arene 74.  Confirmation of the regiochemistry was 

accomplished upon inspection of 1H NMR spectrum.  As expected for ortho–coupled 

aromatic hydrogens, the coupling observed in the aromatic hydrogens was J = ~8 Hz.  

This intermediate would be oxidized upon treatment with MnO2 to provide the aldehyde 

30 for HWE condensation.  This work, published in 2008,56 would serve as a starting 

point for synthesis of pawhuskin A analogues. 
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Figure 39. Synthesis of aldehyde 30 toward Pawhuskin A 

 

To begin the synthesis of pawhuskin A relevant analogues (Figure 40), the steps 

to prepare the prenylated alcohol 74 were repeated.  In more recent years, our group has 

developed DOM and halogen–metal exchange conditions that included the additives 

TMEDA and CuI, and these modifications were believed to provide more favorable 

yields of the desired alkylated arenes.2  Formation of the dianion of compound 47 with n–

BuLi, followed by transmetallation in the presence of CuI, and finally alkylation with 

prenyl bromide provided both of the regioisomeric arenes 74 and 61.  After separation by 

column chromatography, the products were identified in the same manner as in 
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pawhuskin A:  coupling constants in the 1H NMR spectra within the aromatic doublets 

clearly showed compound 74 with J = 8 Hz and compound 61 with J = 2 Hz, 

respectively, and the products were made approximately in a 1 : 1 ratio (6.51 mmol 

scale).  Repetition of published conditions,56 excluding the additive TMEDA and with 

use of CuBr•DMS as opposed to CuI, proved to give the products in a ~1 : 1 ratio as well 

(1.31 mmol scale). 

 

 

Figure 40. A new regioisomeric product 61 of a published DOM procedure56 

 

Two of the most active compounds to date would be constructed from the 

isomeric products of this DOM reaction sequence.  Analogue 79 (Figure 41) was 

assembled from the prenylated arene 61, and proved to be considerably selective for the 

KOP receptor (δ/κ = >67, μ/κ = >67) with a Ke = 150 nM.   Likewise, 90 was prepared 

from prenylated arene 74, was extremely active at the DOP receptor (Ke = 25 nM), and 

was tremendously selective over the KOP receptor (κ/δ = >400). 
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Figure 41. Structures of Pawhuskin A analogues 79 and 90 

 

There are many variables in a DOM reaction sequence that could alter the product 

distribution.  Our specific application of this strategy entails three potential directing 

groups, one of which possesses a full negative charge.  Because only two regioisomers 

are formed, and both products consist of alkylation adjacent to the MOM ethers, it is 

logical to conclude that these ethers are acting as the more effective directing groups.  

The full negative charge at the benzylic alcohol position might also have a role:  a second 
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anion may be less likely to be formed in close proximity to the first anion due to charge–

charge repulsion.   

Reactions run at lower temperatures may have a greater tendency to favor 

formation of the more stable dianion intermediate.  Indeed, the temperature of the 

reaction appeared to have an impact on the distribution of products (Table 12).  Trials 1–

6 are arranged in order of decreasing reaction temperature.  Following purification by 

flash column chromatography, the products were analyzed by 1H NMR spectroscopy.  

The ortho alkylated product 74 was distinct due to the large coupling within the aromatic 

hydrogen resonances (J = 8 Hz), and the meta alkylated product 61 was characteristic of 

aromatic hydrogen resonances with smaller couplings (J = 2 Hz).   

Trials 2a and 2b are the most similar to the conditions published previously.56  

The research notebook conditions of Matt Bueller were followed closely because there 

was an error in the published procedure (4 L of solvent was not used).  Nevertheless the 

alcohol was treated with excess n–BuLi, approximately one equivalent of CuBr•DMS, 

and 1.2 eq of prenyl bromide in THF at 0 °C (trial 2a, Table 12).  Again the regioisomeric 

products 74 and 61 were formed in a 1 : 1 ratio (1.31 mmol scale).  Because clean 

separation of the regioisomers was difficult, the reaction conditions were repeated on a 

larger scale of 4.53 mmol (trial 2b).  Fortunately, at the larger scale the regioisomers were 

more easily separable, and a 1.8 : 1 ratio of 74 : 61 was achieved in a combined yield of 

51%, the greatest of all of the trials.  A parallel reaction (trial 1a) run at ambient 

temperature gave the ortho alkylated product 74 and the meta alkylated product 61 in a 

ratio of 1.1 : 1 on a 0.92 mmol scale.  Due to the varying product distribution between 

trials 2a and 2b, the reaction conditions of trial 1a were repeated on a larger scale (trial 

1b).  The separation proved to be more successful as demonstrated before, and products 

74 and 61 were obtained in a 2.9 : 1 ratio.   

Employing the newer reaction conditions,2 (trial 3) with both additives TMEDA 

and CuI in Et2O and the reagents introduced to the reaction at a temperature of –10 °C, 
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the alkylated products were obtained in 1 : 1.2 ratio.  Decreasing the temperature at 

introduction of each reagent to –20 °C (trial 4) and allowing warming to 0 °C between 

additions, provided compounds 74 and 61 in a ~1 : 2 ratio.  Furthermore, these conditions 

were repeated on approximately half the amount of material (trial 5).  Copper was 

excluded from the smaller reaction, because of the effect it has on the work–up.  The ratio 

of products 74 : 61 formed under these conditions was 1 : 4.  Undoubtedly, at smaller 

scales the reaction temperature can be more easily controlled.  Reaction heat transfer is 

dependent on two variables, surface area at which the reaction vessel is in contact with 

the cooling bath, and the volume of the reaction.  The described surface area is 

maximized and the volume of reaction is minimized at smaller reaction scales assuming a 

constant concentration.   

From the data provided in Table 12, it can be surmised that the isolated amount of 

isomer 61 relative to compound 74 increased with decreasing temperature; the amount of 

compound 61 was increased and the amount of compound 74 was decreased by a factor 

of 12 with reaction temperatures ranging from 25 °C to –20 °C, and vice versa.  Clean 

isolation of the products on scales much less than 4 mmol proved to be a challenge.  In 

addition to the challenges with isolation, the reaction yields may suffer at smaller scales 

because the anions are more easily quenched by adventitious water prior to the addition 

of prenyl bromide. 
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Trial 
Scale 

(mmol) 
TMEDA 
(mmol) 

n–BuLi 
(mmol) 

CuI 
(mmol) 

CuBr•DMS 
(mmol) 

Prenyl bromide 
(mmol) 

Solvent 
[conc.] 

T 74 : 61 

1a 0.92 NA 1.95 NA 1.02 1.11 THF [0.13 M] rt 1.1 : 1 

1b 4.46 NA 9.52 NA 4.91 4.94 THF [0.13 M] rt 2.9 : 1 

2a 1.31 NA 2.75 NA 1.11 1.53 THF [0.13M] 0 °C 1 : 1 

2b 4.53 NA 9.52 NA 4.98 4.94 THF [0.13 M] 0 °C 1.8 : 1 

3 6.51 14.01 14.25 6.53 NA 7.16 Et2O [0.07 M] –10 °C to 
rt 

1 : 1.2 

4 7.97 16.67 17.50 7.98 NA 11.93 Et2O [0.06 M] –20 °C to    
0 °C to rt 

1 : 1.9 

5 4.18 8.67 9.20 NA NA 6.31 Et2O [0.06 M] –20 °C to    
0 °C to rt 

1 : 4.0 

 

Table 12. The effect of temperature on product ratio in directed ortho metallation 
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The effect of a bulky protecting group on product distribution also was analyzed.  

The meta alkylated product 130 was expected to be formed almost exclusively, due to the 

anticipated steric hindrance of the TBS ether in compound 128 (Figure 42).  After TBS 

protection of alcohol 47 provided silyl ether 128, treatment of compound 128 with 

TMEDA, n–BuLi, and prenyl bromide induced directed ortho metallation in Et2O at –20 

°C.  The ortho alkylated product was not observed under these conditions.  However, an 

interesting dialkylated byproduct 129 was obtained.  The structure of compound 129 was 

confirmed by 1H and 13C NMR spectroscopy, as well as a DEPT experiment and HRMS.  

The amount formed was 3.6 : 1 of compound 130 to compound 129.  Reducing the 

amount of n–BuLi and prenyl bromide in the reaction might address this issue.  However, 

it should be noted that compounds 130 and 129 were formed in 3% and 1% yield, 

respectively, and the abysmal yield was due to an overwhelming amount of retro–Brook 

rearranged product.  In addition, a significant amount of unreacted starting material (128) 

was present by TLC analysis.  Given these concerns, this strategy was not pursued 

further. 
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Figure 42. The effect of a bulky protecting group in product distribution 

 

The meta alkylated product 130 also was prepared in a manner similar to that 

described in Figure 38 based on the past synthesis of schweinfurthins F (5) and G (6).8  

The TBS ether 126 (Figure 43)8 was prepared in 4 steps from the known bromovanillin 

(122) as described.  Halogen–metal exchange was carried out in THF.  By TLC a 

substantial amount of retro–Brook rearrangment product and virtually no desired product 

was formed from the reaction, and thus isolation of these unwanted products was not 

pursued.  Unfortunately, there is no known way to reverse the retro–Brook rearrangement 

and so this product is not useful. 
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Figure 43. Unsuccessful halogen–metal exchange toward compound 130 

 

As described in the synthesis of pawhuskin A, the new ortho alkylated arene 74 is 

concisely constructed from commercial 3,4–dihydroxybenzaldehyde via a DOM reaction 

sequence as shown in Figure 39.  Seven years after this publication,56 it was discovered 

that the meta alkylated arene 61 also was formed during this reaction.  The distribution of 

products clearly is affected by the temperature at which the reagents are added to the 

reaction mixture.  With decreasing temperature, more of the distant dianion intermediate 

leading to product 61 is formed, as opposed to the proximal dianion which leads to 

compound 74.  Further studies in which the temperature is varied even more might be 

done in order to strengthen this hypothesis.  As mentioned above, a reasonable scale must 

be maintained in order to allow for clean isolation of multiple products.  Scales of at least 

4 mmol may be optimal for definitive results.  Both regioisomers proved to be useful in 

the synthesis of the most promising pawhuskin analogues, namely compounds 79 and 90.  

Relocation of the A–ring prenyl group determines whether the analogue is a potent KOP 

receptor modulator, or an exceptionally potent DOP receptor modulator.  Future analogue 

design will heavily rely on the products of this directed ortho metallation reaction. 

The discovery of the second regioisomer is not only beneficial in the context of 

pawhuskin analogue preparation, but it also could allow more rapid construction of many 

schweinfurthins.  In addition, the concept of utilizing a DOM reaction strategy to 

assemble the A–ring of schweinfurthin C could be revisited.  As described here, the alkyl 
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group is installed in just 3 steps from the commercial starting material.  The current 

preparation of the schweinfurthins entailed a sequence of 6 steps prior to halogen–metal 

exchange from vanillin, and required an additional TBS deprotection step.  Application of 

these new findings would allow for more efficient syntheses of meta alkylated arenes. 
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CHAPTER 6 
SYNTHESIS OF A NEW CORE LINKAGE:  AN EXTENSION OF 

PROMISING ANALOGUES 

Hydrophobicity can be predicted by the ratio of the total number polar groups to 

the total number of carbon atoms.60  The higher this ratio, the more water–soluble the 

compound should be.  Pawhuskin A is naturally hydrophobic, bearing 29 carbons and 

only 4 oxygens.  This could become problematic in potential clinical applications because 

drugs that are negligibly water soluble may be deposited before reaching the intended site 

of action.  These deposits can obstruct blood vessels and cause damage to the organs.60  

To address this inherent property of the pawhuskins, without changing the natural H–

bond contacts and steric characteristics of the compounds, we pursued the possibility of 

altering the central stilbene linkage.  The new linkage would have to mimic the spatial 

arrangement of the trans positioned arenes, possess sp2 character, and contain a polar 

group to increase the water solubility.  As defined by these parameters, a reasonable 

stilbene replacement might be an amide linkage.  The most active compounds to date are 

the stilbenes 79 and 90, and the most promising amides to target would be derivatives of 

these structures such as compounds 131 and 132 (Figure 44). 
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Figure 44. Active stilbenes 79 and 90 and respective target amides 

 

Because a potential drug must pass through a number of membranes consisting of 

a phospholipid bilayer before reaching its site of action, a balance of hydrophilicity and 

lipophilicity must be made.  The partition coefficient (logP) is a way of predicting a 

drug’s lipophilicity:  the greater the logP value the more lipid–soluble the compound is, 

and vice versa.    LogP is a measure of a drug’s solubility between two immiscible layers, 

octanol and water, and according to Lipinski’s rules logP should be less than 5.82  Based 

on the drug’s structure it is possible to calculate an approximate partition coefficient 

(clogP), and many computer programs including ChemDraw may be used to do so.  The 

clogP of pawhuskin A (Table 13) was calculated to be 8.17.  The addition of two methyl 

groups, as shown in the structures of 79 and 90, increases the clogP value to 9.56.  As 

shown in Table 13, the target amides 131 and 132 are expected to bear decreased clogP 
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values by a factor of ~100 relative to compounds 79 and 90.  Even though the calculated 

partition coefficient still would be greater than 5, the approach of introducing drug–like 

characteristics can be done in a step–wise fashion.  If the amide(s) prove to retain opioid 

receptor activity further modifications can be made in order to reduce the lipophilicity 

still further. 

 

Compound clogP 

Pawhuskin A 8.17 

79 9.56 

90 9.56 

131 7.04 

132 7.04 

Table 13. Calculated partition coefficients 

 

Amides 131 and 132 could be prepared via different late–stage convergent 

fashions, including a carbodiimide coupling and nucleophilic acyl substitution.  The 

generalized amides 133 (Figure 45) could be seen arising from representative acid/acid 

chloride 134 and amine 135.  The reverse pairing also may be viable, but due to the 

availability of precursors to compound 134 from previous analogue studies, as well as 

commercial availability of amines with a 3,5–oxygenated pattern, this strategy was 

favored for the initial studies. 
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Figure 45. Retrosynthesis of analogues 131 and 132 

 

Several amine synthons, represented by structure 135, now have been prepared 

from commercial 3,5–dimethoxyaniline (136, Figure 46).  Treatment of amine 136 with 

NEt3 and acetic anhydride afforded acetanilide 137 in 91% yield.  Electrophilic aromatic 

substitution was induced upon treatment with geraniol and BF3•OEt2 to provide the 

geranylated arene 138 in modest yield.  This regiochemistry was expected based on 

precedent with Friedel–Crafts acylation reactions on 3,5–dimethoxyacetanilide (137).83  

It was confirmed by analysis of the 1H NMR spectrum which showed unsymmetrical 

aromatic resonances.  Finally, the ethyl amine 139 and amine 140 were made available by 

reduction with LiAlH4 in THF or hydrolysis upon treatment with NaOH in MeOH,84 

respectively.   

An attempt to prepare amine 140 from amide 138 also was made by treatment of 

the amide with SOCl2 in MeOH.85  Unfortunately, these conditions were too harsh for the 

system and an inseparable mixture of material was delivered from the reaction.  Even 

though the ethyl amine 139 was provided in a more modest yield, the reaction time was 

much shorter in comparison to that in the formation of 140.  Model studies might prove 

whether the more easily accessible amine 139 would be useful in successive reactions to 

provide the amide desired as a stilbene analogue. 
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Figure 46. Synthesis of amines 139 and 140 

 

Prior to discovery of the promising activity of methylated analogues 79 and 90, 

preparation of the amide 133 was designed so that it would model the structure of 

pawhuskin A (9), i.e. with the B–ring hydroxyl groups available for H–bond donation to 

the receptor site.  To reach this goal, acetanilide 137 (Figure 47) was treated with 

aluminum iodide in the presence of TBAI to provide the demethylated compound 141 in 

reasonable yield.86  Similar to the preparation of amide 138, electrophilic aromatic 

substitution on compound 141 made available acetamide 142 in modest yield. 
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Figure 47. Synthesis of acetanilide 142 

 

Several model systems were examined before proceeding to the preparation of the 

representative carboxylic acid 134.  Benzoic acid (143, Figure 48) and ethylamine 139 

were treated with hydroxybenzotriazole (HOBt) and EDC hydrochloride under standard 

conditions.87  Because 67% of unreacted amine 139 was recovered from this reaction, it 

was determined that this secondary amine was too sterically hindered for carbodiimide 

coupling under these conditions.  Therefore, a more reactive acid equivalent, benzoyl 

chloride (144), was treated with the ethyl amine 139 in Et2O.  Quantitative conversion to 

the desired product 145 was observed by 1H NMR spectroscopy.  Likewise, the addition 

of amine 140 to chloride 144 successfully provided amide 146 as discerned by 1H and 13C 

NMR spectroscopy.88  However the spectra showed a mixture of benzoyl chloride (144) 

and the desired amide 146.  Benzoic acid (143) also reacted with 3,5–dimethoxyaniline 

(136) in the presence of DCC.  One new spot was observed by TLC, but this was later 

tentatively identified to be the HOBt ester intermediate 148 rather than the desired amide 

147.  Failure of this fourth model system to afford the desired product might be due to the 

inherently less nucleophilic nature of aniline, and might also be an explanation for the 

first failed model reaction. 
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Figure 48. Amide model reactions 

 

As mentioned above, preparation of precursors to the acid or the corresponding 

acid chloride as represented by compound 134 (Figure 45) have been explained in detail 

in previous analogue studies.  A directed ortho metallation reaction with a dianion 

intermediate gave both regioisomers 61 and 74, as described in Chapter 5.  Direct 

oxidation of benzyl alcohol 61 (Figure 49) in the presence of PDC was attempted.  After 

seven days a significant amount of starting material still was observed by TLC.  Repeated 

attempts toward target acid 149 from alcohol 61 instead delivered significant amounts of 

the aldehyde byproduct 150.   This finding encouraged a more step–wise approach.  The 

structure of byproduct 150 was confirmed by both 1H and 13C NMR spectroscopy, in 
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addition to a DEPT experiment and HRMS.  As shown in Figure 49, when treated with 

MnO2 the functionalized benzyl alcohols 61 and 74 were oxidized to the corresponding 

aldehydes 151 and 30, respectively.  Oxidation of aldehyde 151 with PDC was 

attempted,89 but after a reaction time of several days only trace amounts of the carboxylic 

acid 149 were formed.  Attempted oxidation of aldehyde 151 in the presence of ceric 

ammonium nitrate (CAN) and t–BuOOH,90 as well as MnO2 and NaCN91 failed to 

provide the target carboxylic acid 149.  Finally, a Pinnick oxidation would afford the acid 

149.92  Likewise, aldehyde 30 underwent Pinnick oxidation to afford acid 152 in 

quantitative yield, although this transformation required multiple trials.  In the first 

attempts, degradation of product occurred upon acidic work–up and/or purification on 

acidic media.  It wasn’t until acid treatment was altogether avoided, and the equivalents 

of 2–methyl–2–butene were doubled, that the reaction was successful.  Excessive 

amounts of hypochlorous acid generated from the reaction were detrimental to the prenyl 

chain, as this functionality was not intact upon analysis of the 1H NMR spectrum of the 

initial product mixture.  
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Figure 49. Preparation of carboxylic acids 149 and 152 

 

Once the carboxylic acid 152 was successfully prepared, several carbodiimide 

coupling reactions were attempted (Figure 50).  Attempted coupling with amine 140 in 

the presence of EDC hydrochloride and HOBt failed to provide the targeted amide 153.87  

Instead, a significant amount of an intermediate in the reaction sequence was isolated.  

This product proved to be the adduct of the reacting acid and HOBt, which could be 

viewed as an ester precursor (154) to the desired amide 153.  The next step in the reaction 
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sequence would be addition of the amine 140.  The fact that this transformation did not 

take place, made clear because much of the starting amine was recovered, encouraged 

reevaluation of the nucleophilic nature of the substituted aniline 136.  Second, an as yet 

unidentified byproduct of the EDC reaction was isolated.  This compound resembled the 

starting material 152, but the prenyl chain was not intact as made apparent by analysis of 

the 1H NMR spectrum.  The EDC is commercially available as the hydrochloride and, as 

per previous assessment, acid caused degradation of the isoprenoid unit.  To avoid acid–

catalyzed decomposition, compounds 152 and 140 were treated with DCC in the presence 

of HOBt.93  Amide formation with DCC was slightly more successful than the 

aforementioned EDC coupling reaction.  Only the acid–HOBt ester intermediate 154 was 

isolated and characterized by its 1H NMR spectrum, but degraded starting material was 

not observed.  Again, the last step of the desired transformation did not occur, and the 

amine 140 must be a weaker nucleophile than once considered.  Carbodiimide couplings 

are normally moderately successful in forming amides, but the literature does show that 

yields are lower in the preparation of phenylamides than with alkylamides.93  

Additionally, Huczyński and co–workers also have reported isolation of the intermediate 

HOBt ester in their attempted preparation of a naphthylamide, and the target amide was 

not observed.93  Characterization of reaction intermediate 154 enabled reassessment of 

the DCC product observed by TLC from reaction of acid 143 and amine 136 (Figure 48).  

The ester 148 was likely the new spot visible upon TLC analysis. 
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Figure 50. Attempted carbodiimide coupling reactions 

 

As shown in Figure 51, an attempt to recycle ester 154 was made.  A mixture of 

amine 140, KHMDS, and ester 154 was allowed to react in order to obtain the 

corresponding amide 153.  The reaction was conducted on a 0.05 mmol scale of ester 

154.  Only 4 mg of product was isolated, and the 1H NMR spectrum showed a 2:1 

mixture of amide 153 : acid 152 which had been carried through from the previous step.  

The presence of the acid 152 was verified by the 13C NMR spectrum, in addition to a 

DEPT experiment, and confirmed by GCMS.  Because only a trace amount of amide 153 

was obtained, the material was not carried forward. 
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Figure 51. Attempted recycling of compound 154 

 

Based on the results of model nucleophilic acyl substitution reactions between 

chloride 144 with amines 139 and 140, synthesis of the acid chlorides was judged to be 

worth pursuing.  Carboxylic acid 149 (Figure 52) was treated with oxalyl chloride and 

catalytic DMF according to the published procedure.88  Following work–up, the 

intermediate acid chloride was added to a solution of amine 140 in pyridine.  Formation 

of amide 155 was successful, but only in negligible yield.  Consistent with previous 

findings, degraded byproducts formed due to acidic instability were observed by 1H 

NMR spectroscopy.  Therefore, future reactions might be performed at a more dilute 

concentration.  Also shown in Figure 52, acid 152 will be treated with oxalyl chloride in 

order to form the corresponding acid chloride, which will undergo reaction with amine 

140 to provide amide 153.  Final MOM hydrolysis of 155 and 153 with TsOH would 

provide targets 131 and 132, respectively. 
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Figure 52.  Synthesis of amide 155 

 

Amides 131 and 132 also might be made from the corresponding imine, a strategy 

where coupling would be done prior to oxidation.  Representative amide 156 (Figure 53) 

could be envisioned to arise from imine 157 through Pinnick oxidation.94  The imine 

would be provided through condensation of representative aldehyde 158 and amine 140.95 
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Figure 53. Retrosynthesis of analogues 131 and 132 via imine 

 

As shown in Figure 54, condensation of aldehyde 151 and amine 140 in the 

presence of NH4Cl only afforded a trace amount of imine 159.95  Simpler models of this 

reaction also were attempted, and conversion to the corresponding imine was equally 

poor.  Due to the unsuccessful conversion to the imine 159, Pinnick oxidation to amide 

155 was not pursued.  The poorly nucleophilic nature of amine 140 would also serve as 

an explanation for the low conversion to the imine product.  Due to the loss of highly 

functionalized late–stage intermediates, attention was redirected toward the previously 

described routes.   
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Figure 54. Synthesis of imine 159 

 

Many obstacles were encountered during these efforts to prepare the amide(s).  

Preparation of the geranylated amines was not straightforward.  Mild conditions and 

sometimes long reaction times were necessary in reduction/hydrolysis to afford amines 

139 and 140 in moderate to good yield.  A number of oxidations were unsuccessful in 

providing carboxylic acids 149 and 152 with an intact prenyl group.  Pinnick oxidation 

showed much better utility in forming the prenylated benzoic acids as long as an excess 
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carbodiimide couplings in that the intermediate HOBt ester 154 has been isolated.  

Reaction of the intermediate with base and amine 140 proved to be minimally effective in 
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such as compound 135, and not necessarily attributed to steric hindrance as originally 

thought in the earliest model reaction of compounds 139 and 143 toward amide 145.  For 

this reason, formation of imine 159 was also difficult.  Increasing the electrophilic nature 

of the left half acid 149 was deemed necessary.  Conversion to the acid chloride and 

treatment with amine 140 was effective in providing the MOM protected amide 155. 

Synthesis of the amide core linkage would introduce more polar groups into the 

pawhuskin scaffold.  The amide shows promise in retaining the overall conformation 

because it would possess sp2 character.  Because the replacement is internal to the 

structure, it is likely that the relevant interactions necessary for opioid receptor activity 

will be maintained.  Stilbene replacement in active compounds 79 and 90 should lower 

the clogP by at least a factor of 100, and thereby more closely fit Lipinski’s rules of drug 

design.  Refinement of this synthetic scheme also might prove useful in other 

applications.  Previously reported syntheses of the schweinfurthin stilbenes have been 

helpful in guiding efficient synthesis of target pawhuskin analogues.  Similarly, design of 

amide analogues for the pawhuskins might be useful in providing potent schweinfurthin 

amides (1–6, Figure 55).  This approach also could be applied to combretastatin A–1 

(160)96 and other resveratrol–like (20) compounds, as shown below in Figure 55.   
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Figure 55. Potential applications of the amide core linkage 
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CHAPTER 7 
SUMMARY AND FUTURE DIRECTIONS 

In summary, a class of opioid receptor modulators known as the pawhuskins was 

first reported in 2004.  The biological activity of these compounds is interesting given the 

absence of the traditional opioid pharmacophore which contains a basic nitrogen.  

Because of our extensive synthetic studies of prenylated stilbenes, we sought to elucidate 

the structural features of the non–nitrogenous opioid receptor antagonists that are 

required for their activity. 

The studies reported here encompass the preparation of several compounds 

reminiscent of the schweinfurthin scaffold.  The synthesis of pawhuskin A and C and 

analogues thereof has provided an understanding of the novel pawhuskin 

pharmacophores, especially that of pawhuskin A.  The A–ring para hydrogen bond 

donation contact and the hydrophobic alkyl chain are necessary in pawhuskin A–opioid 

receptor binding.  The location of the alkyl group, however, determines opioid receptor 

selectivity.  A 3,4,5–pattern results in κ–selectivity, while the isomeric 2,3,4–pattern is 

far more attractive at the δ receptor.  The length of the hydrophobic alkyl chain within the 

B–ring also appears to be an important factor in opioid receptor activity, while removal 

of the hydrogen bond donors in this ring does not abrogate the activity.  Given the 

respective κ and δ potency, as well as selectivity, of isomeric structures 79 and 90, further 

modifications of these targets are worth pursuing.  Additionally, in structures similar to 

pawhuskin C, MOP receptor selectivity increased with increasing length of the 

hydrophobic alkyl chain and vice versa.  Thus, our findings would support preparation of 

compounds selective for the κ– or δ– or μ–opioid receptors.  

The bioassays conducted have been effective in identifying the potency and 

selectivity of the pawhuskin analogues to the opioid receptors.  Because the assay has 

provided the Ke at each of the opioid receptors by displacement of the selective agonists, 

the KOP selectivity of pawhuskin A has been determined, as well as the κ–selectivity of 
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analogue 79, the δ–selectivity of analogue 90, and the μ–selectivity of schweinfurthin J.  

Given the minor structural changes from parent compounds found in these structures, the 

assay is an appropriate strategy to provide the necessary preliminary data and to guide 

future analogue design.   

A new regioisomer was discovered in an already published directed ortho 

metallation reaction entailing formation of a dianion.  The alkylated arene is prepared in 

just 3 steps from commercial 3,4–dihydroxybenzaldehyde while preparation of a similar 

schweinfurthin arene was done in 6 steps from commercial vanillin.  Both isomers have 

proven useful, as target compounds 79 and 90 demonstrated the greatest affinity for the 

opioid receptors.  The temperature at which directed ortho metallation was conducted had 

an effect on product distribution.  In addition, a large protecting group proved to have an 

effect on distribution of products, albeit a retro–Brook rearrangement was a competing 

mechanism.   

The synthesis of the pawhuskin amide posed many challenges.  

Deacylation/hydrolysis of the acetanilide afforded the amine in modest yields and 

sometimes required substantial reaction duration.  Many oxidations were ineffective in 

providing the target carboxylic acid, but a carefully planned Pinnick oxidation showed 

great utility in forming the product without alkenyl chain degradation.  Success was 

minimal in carbodiimide couplings and condensation to the imine.  Nevertheless, a useful 

HOBt ester intermediate was isolated and this material was recycled providing a trace 

amount of the target amide.  The difficulty in forming the amide and imine was perceived 

to be due to the weakly nucleophilic nature of the functionalized aniline employed.  

However, compensation for the weak nucleophile was achieved by formation of a more 

reactive acid chloride electrophile, and preparation of an amide analogue of pawhuskin A 

was accomplished.  

Since the onset of these studies, the crystal structure of the human κ–opioid 

receptor has been published97 in a complex with the antagonist JDTic (161, Figure 56). 
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However, the structure of the piperidine–containing compound 161 varies considerably 

from the pawhuskin scaffold, and it is difficult to make assumptions on pawhuskin–KOP 

receptor binding from the available data.  Until more structural information on the κ–

opioid receptor is available, further investigations of the biological activity of pawhuskin 

analogues will have to proceed through synthesis and bioassay.  The research described 

in this thesis provides a firm foundation for such studies. 

 

Figure 56. Selective KOP receptor antagonist JDTic (161) 
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CHAPTER 8 
EXPERIMENTAL PROCEDURES 

General experimental conditions.  Both tetrahydrofuran (THF) and diethyl ether (Et2O) 

were freshly distilled from sodium and benzophenone.  Both methylene chloride 

(CH2Cl2) and triethylamine (Et3N) were distilled from calcium hydride prior to use.  

Solutions of n–BuLi were purchased from a commercial source and titrated with 

diphenylacetic acid prior to use.  All other reagents and solvents were purchased from 

commercial sources and used without further purification.  All reactions in nonaqueous 

solvents were conducted in flame–dried glassware under a positive pressure of Ar and 

with magnetic stirring.  NMR spectra were obtained at 300−600 MHz for 1H and 75−150 

MHz for 13C with CDCl3 or CD3OD as solvent and (CH3)4Si (1H, 0.00 ppm) or CDCl3 

(13C, 77.0 ppm) or CD3OD (1H of CHD2OD at 4.78 ppm, 13C, 49.0 ppm) as internal 

standards unless otherwise noted.  The 31P NMR chemical shifts were reported in ppm 

downfield relative to 85% H3PO4 (external standard).  High-resolution mass spectra were 

obtained at the University of Iowa Mass Spectrometry Facility.  Silica gel (60 Å, 

0.040−0.063 mm) was used for flash chromatography.  Bioassays were conducted 

according to the procedure as previously described.16 

 

Alcohol 36.  To a stirred solution of ester 35 (9.03 g, 53.7 mmol) in CH2Cl2 (250 mL) at 

0 °C was added DIPEA (28.1 mL, 161 mmol), followed by dropwise addition of MOMCl 

(9.38 mL, 123.5 mmol).  After stirring for 17 h, the reaction was quenched by addition of 

NH4Cl, extracted with CH2Cl2, washed with 2M NaOH, dried (MgSO4), filtered, and 

concentrated in vacuo to afford the bis(methoxymethyl) acetal (13.8 g, 95%) as a yellow 

oil.  The 1H NMR spectrum matched known data.56  To a stirred solution of 

bis(methoxymethyl) acetal (5.02 g, 19.6 mmol) in THF (125 mL) at 0 °C was added 

LiAlH4 (1.53 g, 40.2 mmol) in portions.  The reaction was allowed to stir for 17 h, and 

then was diluted with EtOAc and slowly quenched by addition of H2O and 1M HCl.  The 
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resulting mixture was extracted with EtOAc, dried (MgSO4), filtered, and concentrated in 

vacuo.  Final purification by flash column chromatography (30% EtOAc in hexanes) 

provided benzyl alcohol 36 (3.53 g, 79%) as a pale yellow oil.  The 1H NMR spectrum 

matched known data.54  

 

THP acetal 37.  To a stirred solution of alcohol 36 (3.53 g, 15.5 mmol) in CHCl3 (250 

mL) at room temperature was added NBS (2.76 g, 15.5 mmol) in small portions.  The 

reaction was allowed to stir for 2 h, and then was quenched by addition of NaHCO3.  

After addition of aqueous Na2S2O3, the mixture was extracted with CHCl3.  The 

combined organic extracts were washed with brine, dried (MgSO4), filtered, and 

concentrated in vacuo to afford the aryl bromide (4.76 g, 100%) as a golden oil.  The 1H 

NMR spectrum matched known data.98  The PPTS (40 mg, 1.6 mmol) was added to a 

stirred solution of bromide (4.76 g, 15.5 mmol) and DHP (4.25 mL, 46.9 mmol) in 

CH2Cl2 (30 mL) under an argon atmosphere.  The reaction was allowed to stir overnight, 

and then quenched by addition of NaHCO3.  The mixture was extracted with Et2O, dried 

(NaSO4), filtered, and concentrated in vacuo.  The desired tetrahydropyran acetal 37 was 

obtained as a yellow oil (5.99 g, 86%):  1H NMR (500 MHz, CDCl3) δ 6.95 (d, J = 2.7 

Hz, 1H), 6.81(d, J = 2.8 Hz, 1H), 5.22 (s, 2H), 5.16 (d, J = 1.1 Hz, 2H), 4.80–4.77 (m, 

2H), 4.57 (d, J = 13.6 Hz, 1H), 3.95–3.90 (m, 1H), 3.58–3.54 (m, 1H), 3.51 (s, 3H), 3.47 

(s, 3H), 1.94–1.54 (m, 6H); 13C NMR (125 MHz, CDCl3) δ 157.1, 154.2, 139.9, 109.7, 

104.9, 103.7, 98.3, 95.1, 94.5, 68.5, 62.0, 56.3, 56.0, 30.4, 25.3, 19.2; HRMS (EI) m/z 

calcd for C16H23O6Br (M)+ 390.0678, found 390.0670. 

 

Geranylated arene 38.  To a solution of n–BuLi (2.4 M in hexanes, 1.3 mL, 3.1 mmol) 

in Et2O (30 mL) at –10 °C was added bromide 37 (1.01 g, 2.6 mmol) dissolved in Et2O (2 

mL) dropwise.  After the reaction was allowed to stir for 15 min, the geranyl bromide 

(0.7 mL, 3.5 mmol) was added over 7 min.  Once allowed to stir overnight, the reaction 
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was quenched by addition of NH4Cl.  The mixture was extracted with EtOAc, and then 

the combined organic extracts were washed with brine, dried (MgSO4), filtered, and 

concentrated in vacuo.  Final purification by flash column chromatography afforded 

geranylated compound 38 (562 mg, 49%) as a yellow oil:  1H NMR (300 MHz, CDCl3) δ 

6.81 (s, 1H), 6.77 (s, 1H), 5.16 (s, 2H), 5.14 (s, 2H), 5.09–5.06 (m, 2H), 4.77–4.71 (m, 

2H), 4.46 (d, J = 12 Hz, 1H), 3.91 (t, J = 8.7 Hz, 1H), 3.56–3.52 (m, 1H), 3.47 (s, 3H), 

3.45 (s, 3H), 3.37 (d, J = 6.0 Hz, 2H), 2.22–1.80 (m, 5H), 1.77 (s, 3H), 1.64 (s, 3H), 1.51 

(s, 3H); 13C NMR (75 MHz, CDCl3) δ 155.9, 155.7, 138.0, 134.3, 131.1, 124.2, 123.1, 

122.9, 109.5, 102.6, 97.8, 94.4 (2C), 66.7, 61.9, 55.8 (2C), 39.6, 30.4, 26.5, 25.5, 25.4, 

24.3, 19.2, 17.5, 16.0; HRMS (ESI) m/z calcd for C26H40O6Na, (M + Na)+ 471.2723, 

found 471.2733. 

 

Benzylic alcohol 39.  To a solution of the THP acetal 38 (500 mg, 1.1 mmol) in MeOH 

(20 mL) at 0 °C was added TsOH (234 mg, 1.1 eq).  The reaction was monitored at 5 to 

10 min intervals via TLC analysis.  After 80 min the reaction was quenched by addition 

of NaHCO3, and the mixture was extracted with EtOAc.  The combined organic extracts 

were washed with brine, dried (MgSO4), filtered, and concentrated by rotary evaporation.  

Final purification by flash column chromatography (20% EtOAc in hexanes) provided 

alcohol 39 (27 mg, 66%) as a yellow oil.  The 1H NMR spectrum matched published 

data.56 

 

Aldehyde 34.  Activated MnO2 (644 mg, 5.0 mmol) was added to a solution of alcohol 

39 (267 mg, 0.7 mmol) in CH2Cl2 (15 mL) at room temperature, and the mixture was 

stirred overnight. The mixture was filtered, and the filtrate was concentrated in vacuo. 

Final purification by flash column chromatography (50% EtOAc in hexanes) afforded 

aldehyde 34 (256 mg, 96%) as a yellow oil: 1H NMR (300 MHz, CDCl3) δ 10.26 (s, 1H), 

7.21 (d, J = 2.7 Hz, 1H), 7.04 (d, J = 2.2 Hz, 1H), 5.21 (s, 2H), 5.19 (s, 2H), 5.14−5.10 
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(m, 1H), 5.05−5.00 (m, 1H), 3.73 (d, J = 6.5 Hz, 2H), 3.48 (s, 6H), 2.08−1.93 (m, 4H), 

1.86 (s, 3H), 1.73 (s, 3H), 1.65 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 191.6, 156.3, 

156.2, 135.3 (2C), 131.5, 128.1, 124.1, 123.2, 109.3, 108.7, 94.7, 94.5, 56.2, 56.1, 39.6, 

26.6, 25.6, 22.9, 17.6, 16.3; HRMS (ESI) m/z calcd for C21H30O5Na (M + Na)+ 385.1991, 

found 385.1983.16 

 

Stilbene 45.  To a solution of phosphonate 4416 (44 mg, 0.011 mmol) and aldehyde 34 

(34 mg, 0.09 mmol) in THF (1.5 mL) was added potassium hexamethyldisilazane 

(KHMDS) (0.5 M as a solution in toluene, 0.86 mL, 0.430 mmol).  After the reaction 

stirred for 20 h, it was quenched by addition of NH4Cl.  The resulting mixture was 

extracted with EtOAc, washed with brine, dried (MgSO4), filtered, and concentrated in 

vacuo.  Final purification by flash column chromatography (1% EtOAc in hexanes) 

provided stilbene 45 (38 mg, 68%) as a yellow oil:  1H NMR (300 MHz, CDCl3) δ 7.31 

(d, J = 8.7 Hz, 1H), 7.09 (s, 2H), 6.93 (d, J = 2.2 Hz, 1H), 6.79 (d, J = 9.1 Hz, 1H), 6.74 

(d, J = 2.2 Hz, 1H), 5.18–5.08 (m, 9H), 3.85 (s, 3H), 3.60–3.55 (m, 5H), 3.49–3.44 (m, 

8H), 2.05–1.94 (m, 4H), 1.79 (s, 6H), 1.68 (s, 3H), 1.62 (s, 3H), 1.55 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δ 156.1, 155.8, 151.8, 143.8, 138.7, 134.5, 134.3, 131.5, 131.3, 130.6, 

128.4, 126.7, 124.3, 123.4, 123.3, 123.2, 122.8, 121.9, 110.1, 106.5, 102.7, 99.0, 94.7, 

57.6, 56.0 (2C), 55.7, 39.7, 26.7, 25.8, 25.6 (2C), 24.7, 18.1, 17.6, 16.3; HRMS (EI) m/z 

calcd for C36H50O7 (M)+ 594.3557, found 594.3569. 

 

Analogue 46.  After TsOH (36 mg, 0.19 mmol) was added to a solution of stilbene 45 

(19 mg, 0.03) in MeOH (3 mL), the reaction was allowed to stir for 23.5 h and then it was 

quenched by addition of NaHCO3.  The resulting mixture was extracted with EtOAc, 

dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by preparative 

TLC (30% EtOAc in hexanes) delivered phenol 46 (6 mg, 41%) as a yellow oil:  1H 

NMR (500 MHz, CD3OD) δ 6.98–6.89 (m, 3H), 6.68 (d, J = 8.6 Hz, 1H), 6.44 (d, J = 2.4 
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Hz, 1H), 6.14 (d, J = 2.3 Hz, 1H), 5.05–4.99 (m, 2H), 4.95–4.92 (m, 1H), 3.77 (s, 3H), 

3.38 (d, J = 6.8 Hz, 2H), 3.27 (d, J = 6.9 Hz, 2H), 1.96–1.85 (m, 4H), 1.70 (s, 3H), 1.66 

(s, 3H), 1.57 (s, 3H), 1.47 (s, 3H), 1.41(s, 3H); 13C NMR (125 MHz, CD3OD) δ 157.0, 

156.8, 148.2, 145.0, 140.1, 134.4, 132.1, 131.8 (2C), 128.8, 128.1, 127.5, 125.9, 125.4, 

124.5, 119.2, 117.8, 109.9, 104.6, 102.7, 56.4, 40.9, 27.8, 26.0 (2C), 25.8, 25.1, 18.2, 

17.7, 16.5; HRMS (EI) m/z calcd for C30H38O4 (M)+ 462.2770, found 462.2785. 

 

Phosphonate 48.  Triethylamine (0.81 mL, 5.8 mmol) was added to a solution of alcohol 

47 (875 mg, 3.8 mmol) in THF (7 mL) at 0 °C.  After dropwise addition of 

methanesulfonyl chloride (0.39 mL, 5.0 mmol), the reaction was allowed to stir for 30 

min and lithium bromide (502 mg, 5.8 mmol) in THF (4 mL) was added.  After it was 

stirred for 3.5 h, the reaction mixture was diluted with EtOAc, washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo.  Triethyl phosphite (2 mL, 11.7 mmol) was 

added, and the solution was heated to 89 °C.  The reaction was allowed to stir for 17 h, 

cooled, and concentrated in vacuo at 60 °C overnight.  Final purification by flash column 

chromatography (90% EtOAc in hexanes) afforded phosphonate 48 (312 mg, 23%) as a 

yellow oil.  The 1H NMR spectrum matched that of the known compound.99 

 

Phosphonate 50.  To a solution of alcohol 49 (958 mg, 5.7 mmol) in THF (30 mL) at 0 

°C was added triethylamine (1.20 mL, 8.5 mmol), and then methanesulfonyl chloride 

(0.57 mL, 7.4 mmol) was added dropwise.  After it was stirred for 60 min, LiBr (746 mg, 

8.6 mmol) in THF (3 mL) was added and the reaction was allowed to stir for 19 h.  The 

resulting mixture was diluted with EtOAc, washed with brine, dried (Na2SO4), filtered 

through basic alumina, and concentrated in vacuo.  Triethyl phosphite (3.0 mL, 17.5 

mmol) was added to the neat oil, the reaction was heated to 90 °C, and then allowed to 

stir for 20 h.  The mixture was concentrated in vacuo at 60 °C overnight.  Final 

purification by flash column chromatography (1% EtOH in CH2Cl2) afforded 
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phosphonate 50 (507 mg, 31%) as a yellow oil.  The 1H NMR spectrum was identical to 

literature data.100 

 

Phosphonate 52.  Triethylamine (1.25 mL, 8.9 mmol) was added to a solution of 51 

(1.00 g, 6.0 mmol) in THF (45 mL) at 0 °C and then methanesulfonyl chloride (0.60 mL, 

7.7 mmol) was added dropwise.  After 45 min of stirring, LiBr (777 mg, 9.0 mmol) in 

THF (4 mL) was added.  The reaction was allowed to stir for 2 h, washed with brine, 

dried (MgSO4), filtered, and concentrated in vacuo.  To the resulting mixture was added 

triethyl phosphite (2 mL, 11.7 mmol).  The reaction was heated to 90 °C, allowed to stir 

for 15 h, and then concentrated in vacuo at 60 °C overnight.  Final purification by flash 

column chromatography (1% EtOH in CH2Cl2) provided phosphonate 52 (1.57 g, 92%) 

as a yellow oil.  Both the 1H and 31P NMR spectra match known data.5 

 

Stilbene 53.  To a solution of KHMDS (0.5 M solution in toluene, 2.3 mL, 1.16 mmol) in 

THF (1.5 mL) were added phosphonate 48 (46 mg, 0.13 mmol) and aldehyde 34 (35 mg, 

0.10 mmol). After the solution was stirred for 4 h, the reaction was quenched by addition 

of NH4Cl. The resulting mixture was extracted with EtOAc, washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo. Final purification by flash column 

chromatography (7% EtOAc in hexanes) provided stilbene 53 (46 mg, 86%) as a yellow 

oil: 1H NMR (500 MHz, CDCl3) δ 7.31−7.11 (m, 4H), 6.96 (s, 1H), 6.88 (d, J = 15.7 Hz, 

1H), 6.74 (s, 1H), 5.27−5.05 (m, 10H), 3.54−3.48 (m, 14H), 2.04−1.97 (m, 4H), 1.82 (s, 

3H), 1.61 (s, 3H), 1.54 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 156.1, 155.8, 147.4, 

146.9, 138.2, 134.5, 132.4, 131.3, 130.1, 125.5, 124.2, 123.3, 122.8, 120.9, 116.7, 114.8, 

106.2, 102.9, 95.5, 95.4, 94.6 (2C), 56.2 (2C), 56.0 (2C), 39.7, 26.7, 25.6, 24.7, 17.6, 

16.2; HRMS (EI) m/z calcd for C32H44O8 (M)+ 556.3036, found 556.3056.16 
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Analogue 54.  To a solution of stilbene 53 (23 mg, 0.04 mmol) in MeOH (4 mL) was 

added TsOH (63 mg, 0.33 mmol). The solution was stirred for 24 h, and the reaction was 

quenched by addition of NaHCO3. The resulting mixture was extracted with EtOAc, 

dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by preparative 

TLC (30% EtOAc in hexanes) afforded stilbene 54 (6 mg, 38%) as a yellow oil: 1H NMR 

(500 MHz, CD3OD) δ 6.96 (d, J = 16 Hz, 1H), 6.85 (d, J = 2.3 Hz, 1H), 6.71 (d, J = 2 Hz, 

1H), 6.70 (d, J = 1.7 Hz, 1H), 6.65 (d, J = 15.8 Hz, 1H), 6.63 (d, J = 8.3 Hz, 1H), 6.44 (d, 

J = 2.1 Hz, 1H), 6.13 (d, J = 2.3 Hz, 1H), 5.01−5.00 (m, 1H), 4.95−4.92 (m, 1H), 3.27 (d, 

J = 6.6 Hz, 2H), 1.97−1.92 (m, 2H), 1.88−1.85 (m, 2H), 1.70 (s, 3H), 1.47 (s, 3H), 1.42 

(s, 3H); 3C NMR (125 MHz, CD3OD) δ 157.0, 156.7, 146.5, 146.4, 139.8, 134.5, 132.1, 

131.6, 130.7, 125.8, 125.4 (2C), 120.0, 119.1, 116.4, 114.0, 104.3, 102.6, 40.8, 27.8, 

25.8, 25.1, 17.7, 16.5; HRMS (EI) m/z calcd for C24H28O4 (M)+ 380.1988, found 

380.2014.16 

 

Stilbene 55.  Aldehyde 34 (34 mg, 0.09 mmol) and phosphonate 50 (51 mg, 0.18 mmol) 

were added to a solution of KHMDS (0.5 M solution in toluene, 2.25 mL, 1.13 mmol) in 

THF (1.5 mL).  After it was stirred for 4 h, the reaction was quenched by addition of 

NH4Cl.  The resulting mixture was extracted with EtOAc, washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo.  Final purification by flash column 

chromatography (7% EtOAc in hexanes) made available stilbene 55 (34 mg, 73%) as a 

yellow oil:  1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 16.1 Hz, 

1H), 7.02 (d, J = 8.4 Hz, 2H), 6.97–6.88 (m, 2H), 6.74 (d, J = 2.2 Hz, 1H), 5.23–5.03 (m, 

8H), 3.50–3.45 (m, 11H), 2.05–1.95 (m, 4H), 1.80 (s, 3H), 1.61 (s, 3H), 1.54 (s, 3H); 13C 

NMR (75 MHz, CDCl3) δ 156.9, 156.1, 155.8, 138.4, 134.5, 131.6, 131.3, 130.0, 127.7 

(2C), 127.4, 125.0, 124.2, 123.4, 122.8, 116.4 (2C), 106.2, 102.8, 94.7, 94.4, 56.0 (3C), 

39.7, 26.7, 25.6, 24.7, 17.6, 16.3; HRMS (EI) m/z calcd for C30H40O6 (M)+ 496.2825, 

found 496.2824. 
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Analogue 56.  To a solution of stilbene 55 (17 mg, 0.03 mmol) in MeOH (2.5 mL) was 

added TsOH (39 mg, 0.21 mmol).  After the reaction stirred for 2 d at rt, it was quenched 

by addition of NaHCO3.  The mixture was extracted with EtOAc, and the combined 

organic extracts were dried (MgSO4), filtered, and concentrated in vacuo.  Final 

purification by preparative TLC (30% EtOAc in hexanes) delivered phenol 56 (19 mg, 

50%) as a yellow oil:  1H NMR spectrum matched known data101; 13C NMR (125 MHz, 

CDCl3) δ 155.6, 155.4, 154.5, 138.8, 137.5, 131.9, 130.6, 130.4, 128.0 (2C), 124.4, 

123.8, 122.4, 117.7, 115.6 (2C), 105.2, 102.6, 39.6, 26.5, 25.6, 25.0, 17.7, 16.3; HRMS 

(EI) m/z calcd for C24H28O3 (M)+ 364.2038, found 364.2037. 

 

Stilbene 57.  To a solution of KHMDS (0.5 M solution in toluene, 2.6 mL, 1.30 mmol) in 

THF (1.5 mL) was added phosphonate 52 (51 mg, 0.18 mmol) and aldehyde 34 (40 mg, 

0.11 mmol).  After it was stirred for 3.5 h, the reaction was quenched by addition of 

NH4Cl.  The resultant mixture was extracted with EtOAc, washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo.  Final purification by flash column 

chromatography (10% EtOAc in hexanes) yielded product 57 (53 mg, 96%) as a yellow 

oil:  1H NMR (500 MHz, CDCl3) δ 7.33–7.25 (m, 2H), 7.16–7.14 (m, 2H), 6.97–6.91 (m, 

3H), 6.76 (s, 1H), 5.20–5.19 (m, 6H), 5.13 (t, J = 6 Hz, 1H), 5.05 (t, J = 6.1 Hz, 1H), 

3.50–3.46 (m, 11H), 2.05–1.96 (m, 4H), 1.81 (s, 3H),  1.61 (s, 3H), 1.54 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 157.6, 156.1, 155.8, 139.1, 138.0, 134.6, 131.3, 130.4, 129.6, 

127.1, 124.2, 123.3, 123.0, 120.3, 115.5, 114.3, 106.4, 103.1, 94.7 (2C), 94.4, 56.0 (2C), 

55.9, 39.7, 26.7, 25.6, 24.7, 17.6, 16.3; HRMS (EI) m/z calcd for C30H40O6 (M)+ 

496.2825, found 496.2847. 

 

Analogue 58.  To a solution of 57 (27 mg, 0.05 mmol) in MeOH (10 mL) was added 

TsOH (96 mg, 0.51 mmol).  The reaction was allowed to stir for 24 h, and then was 
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quenched by addition of NaHCO3.  The organic materials were extracted with EtOAc, 

dried (MgSO4), filtered, and concentrated in vacuo.  Final purification of the residue by 

flash column chromatography (10% EtOAc in hexanes) provided phenol 58 (11 mg, 

56%) as a yellow oil:  1H NMR (400 MHz, CD3OD) δ 7.15 (d, J = 16.2 Hz, 1H), 7.04 (t, 

J = 7.8 Hz, 1H), 6.85–6.83 (m, 1H), 6.82–6.81 (m, 1H), 6.72 (d, J = 16.1 Hz, 1H), 6.57 

(ddd, J = 8.1 Hz, 2.6 Hz, 1.1 Hz, 1H), 6.47 (d, J = 2.3 Hz, 1H), 6.18 (d, J = 2.2 Hz, 1H), 

5.04–5.00 (m, 1H), 4.95–4.91 (m, 1H), 3.29 (d, J = 6.9 Hz, 2H), 1.97–1.84 (m, 4H), 1.70 

(s, 3H), 1.46 (s, 3H), 1.41 (s, 3H); 13C NMR (100 MHz, CD3OD) δ 158.8, 157.1, 156.8, 

140.7, 139.3, 134.6, 132.1, 130.6, 128.3, 125.8, 125.4, 119.5, 119.1, 115.5, 114.0, 104.5, 

103.0, 101.4, 40.8, 27.7, 25.8, 25.1, 17.7, 16.5; HRMS (EI) m/z calcd for C24H28O3 (M)+ 

364.2038, found 364.2044. 

 

Aldehyde 60.  To a solution of 59 (151 mg, 1.1 mmol) and DIPEA (0.57 mL, 3.3 mmol) 

in CH2Cl2 (10 mL) at 0 °C was added MOMCl (0.30 mL, 4.0 mmol).  The reaction was 

allowed to stir for 21 h, and then it was quenched by addition of NH4Cl and extracted 

with CH2Cl2.  The extracts were washed with 2M NaOH, dried (MgSO4), filtered, and 

concentrated in vacuo.  Bis(methoxymethyl) ether 60 (252 mg, 100% by 1H NMR) was 

obtained as a yellow oil, with1H NMR data that matched the literature spectrum.54 

 

Alcohol 47.  To a solution of aldehyde 60 (3.13 g, 13.8 mmol) in THF (150 mL) at 0 °C 

was added LiAlH4 (1.58 g, 41.5 mmol).  The reaction was allowed to stir for 23 h and 

then quenched by the slow addition of 1M HCl.  The resulting mixture was extracted with 

EtOAc, and the extracts were washed with brine, dried (MgSO4), filtered, and 

concentrated in vacuo to afford alcohol 47 (2.70 g, 86%) as a pale yellow oil.  The 1H 

NMR spectrum matched known data.56 
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Prenylated arene 61.  Alcohol 47 (719 mg, 3.2 mmol) in Et2O (4 mL) was added 

dropwise to a solution of n–BuLi (2.4 M solution in hexanes, 2.9 mL, 7.0 mmol) and 

TMEDA (1.0 mL, 6.7 mmol) in Et2O (50 mL) at –10 °C.  The mixture was allowed to stir 

for 15 min and then solid CuI (600 mg, 3.2 mmol) was added.  Once the reaction turned a 

dark gray color (10 min) prenyl bromide (0.40 mL, 3.4 mmol) in Et2O (5 mL) was added 

dropwise (~7 min).  The reaction was allowed to warm from –10 °C to rt and stir at rt for 

17 h and then quenched by the addition of H2O, extracted with Et2O, dried (MgSO4), and 

filtered, and the filtrate was concentrated in vacuo.  Final purification by flash column 

chromatography (10% EtOAc in hexanes) afforded prenylated compound 61 (254 mg, 

27%) as a light yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.01 (d, J = 2.0 Hz, 1H), 6.83 

(d, J = 1.8 Hz, 1H), 5.31–5.28 (m, 1H), 5.19 (s, 2H), 5.10 (s, 2H), 4.59 (d, J = 3.4 Hz, 

2H), 3.60 (s, 3H), 3.50 (s, 3H), 3.41 (d, J = 7.3 Hz, 2H), 1.74 (s, 3H), 1.72 (s, 3H); 13C 

NMR (75 MHz, CDCl3) δ 149.6, 143.8, 137.0, 136.0, 132.5, 122.5, 121.4, 112.6, 98.9, 

94.9, 64.8, 57.3, 56.1, 28.4, 25.6, 17.7; HRMS (ESI) m/z calcd for C16H24O5Na (M + 

Na)+ 319.1521, found 319.1523. 

 

Phosphonate 62.  To a solution of alcohol 61 (920 mg, 3.1 mmol) in THF (30 mL) at 0 

°C was added TEA (0.65 mL, 4.6 mmol), then MsCl (0.31 mL, 4.0 mmol).  The mixture 

was allowed to stir for 2.75 h, and due to incomplete conversion to the mesylate, 

additional TEA (0.65 mL, 4.6 mmol) and MsCl (0.31 mL, 4.0 mmol) were added.  After 

the reaction was allowed to stir for 50 min, dilute LiBr (404 mg, 4.7 mmol) in THF (4 

mL) was added.  The reaction was stirred for 16 h, and then was diluted with EtOAc.  

The resulting mixture was washed with brine.  The combined organics were dried 

(Na2SO4), filtered, and concentrated in vacuo.  Triethyl phosphite (2 mL, 11.7  mmol) 

was added to the neat oil, the reaction was heated to 90 °C, and the reaction was allowed 

to stir overnight (~22 h).  The mixture was concentrated in vacuo at 60 °C overnight.  

Final purification of the residue by flash column chromatography (1% EtOH in CH2Cl2) 
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provided phosphonate 62 (911 mg, 70%) as a pale yellow oil:  1H NMR (500 MHz, 

CDCl3) δ 6.93 (t, J = 2.4 Hz, 1H), 6.75 (t, J = 2.4 Hz, 1H), 5.30–5.26 (m, 1H), 5.17 (s, 

2H), 5.08 (s, 2H), 4.05–3.99 (m, 4H), 3.59 (s, 3H), 3.49 (s, 3H), 3.38 (d, J = 7.2 Hz, 2H), 

3.06 (d, JHP = 21.3 Hz, 2H), 1.73 (s, 3H), 1.71 (s, 3H), 1.26 (t, J = 7.0 Hz, 6H); 13C NMR 

(125 MHz, CDCl3) δ 149.6 (d, JCP = 3.3 Hz), 143.7 (d, JCP = 3.9 Hz), 136.0 (d, JCP = 3.1 

Hz), 132.6, 127.4 (d, JCP = 9.2 Hz), 124.4 (d, JCP = 6.8 Hz), 122.6, 115.6 (d, JCP = 6.2 

Hz), 99.1 (d, JCP = 2.1 Hz), 95.2, 62.0 (d, JCP = 6.8 Hz), 57.4, 56.2, 33.9, 32.8, 28.4, 25.7, 

17.8, 16.3 (2C); HRMS (ESI) m/z calcd for C20H33O7NaP (M + Na)+ 439.1862, found 

439.1862. 

 

Stilbene 63.  To a stirred solution of aldehyde 34 (31 mg, 0.09 mmol) and phosphonate 

62 (59 mg, 0.14 mmol) in THF (1.7 mL) at 0 °C was added KHMDS (1.0 M in THF, 0.60 

mL, 0.6 mmol).  The reaction was stirred for 19 h, and then was quenched by addition of 

saturated aqueous NH4Cl.  The resultant mixture was extracted with EtOAc.  The 

combined organics were washed with brine, dried (MgSO4), filtered, and concentrated in 

vacuo.  Final purification by preparative TLC (15% EtOAc in hexanes) provided stilbene 

63 (24 mg, 45%) as a yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.17 (d, J = 16.0 Hz, 

1H), 7.13 (d, J = 1.8 Hz, 1H), 6.97 (d, J = 1.8 Hz, 1H), 6.94 (d, J = 2.2 Hz, 1H), 6.86 (d, 

J = 15.9 Hz, 1H), 6.74 (d, J = 2.1 Hz, 1H), 5.34–5.30 (m, 1H), 5.21 (s, 2H), 5.20–5.17 

(m, 5H), 5.12 (s, 2H), 5.06–5.03 (m, 1H), 3.60 (s, 3H), 3.52 (s, 3H), 3.50 (s, 3H), 3.48 (s, 

3H), 3.45 (d, J = 6.8 Hz, 2H), 3.42 (d, J = 7.3 Hz, 2H), 2.06–2.01 (m, 2H), 1.98–1.95 (m, 

2H), 1.81 (s, 3H), 1.76 (s, 3H), 1.74 (s, 3H), 1.60 (s, 3H), 1.53 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 156.1, 155.8, 150.0, 144.5, 138.3, 136.1, 134.4, 133.9, 132.7, 131.3, 

130.4, 125.9, 124.2, 123.4, 122.9, 122.6, 121.6, 112.1, 106.3, 102.9, 99.1, 95.2, 94.7 

(2C), 57.5, 56.2, 56.1 (2C), 39.7, 28.6, 26.7, 25.8, 25.6, 24.7, 17.9, 17.6, 16.3; HRMS 

(ESI) m/z calcd for C37H53O8 (M + H)+ 625.3740, found 625.3742. 
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Analogue 64.  To a solution of MOM ether 63 (23 mg, 0.04 mmol) in MeOH (3.7 mL) 

was added TsOH (57 mg, 0.30 mmol).  The reaction was allowed to stir for 24 h, then the 

reaction was quenched by the addition of saturated aqueous NaHCO3, and the resultant 

mixture was extracted with EtOAc.  The combined organics were dried (MgSO4), 

filtered, and concentrated in vacuo.  Final purification by preparative TLC (30% EtOAc 

in hexanes) afforded phenol 64 (8 mg of 1 : 1 mixture with diethyl phosphate; 6 mg of 

product alone, 35%) as a golden yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.09 (d, J = 

15.7 Hz, 1H), 6.93 (s, 1H), 6.78–6.74 (m, 2H), 6.64 (s, 1H), 6.36 (s, 1H), 5.34 (t, J = 6.7 

Hz, 1H), 5.18 (t, J = 6.4 Hz, 1H), 5.05 (t, J = 6.4 Hz, 1H), 3.41 (d, J = 6.3 Hz, 2H), 3.37 

(d, J = 7.1 Hz, 2H), 2.09–2.06 (m, 2H), 2.04–2.01 (m, 2H), 1.82 (s, 3H), 1.79 (s, 3H), 

1.78 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 155.6, 154.7, 

144.2, 142.1, 138.7, 137.2, 134.8, 131.8, 130.8, 130.3, 127.5, 124.6, 123.9, 122.6, 121.8, 

120.3, 117.6, 111.1, 105.1, 102.6, 39.7, 29.7, 26.5, 25.8, 25.6, 24.9, 17.9, 17.7, 16.3; 

HRMS (ESI) m/z calcd for C29H37O4 (M + H)+ 449.2692, found 449.2691. 

 

Benzylic alcohol 67.  To a solution of 35 (5.00 g, 29.6 mmol) in acetone (125 mL) at 

room temperature was added K2CO3 (12.3 g, 89.3 mmol).  After 3 min, iodomethane (4.7 

mL, 74.5 mmol) was added to the mixture.  The reaction was heated at reflux, allowed to 

stir overnight, and then was quenched by addition of H2O, and acidified with 1M HCl.  

The resulting mixture was extracted with EtOAc.  The combined organic extracts were 

washed with 2M NaOH, dried (MgSO4), filtered, and concentrated in vacuo.  The 

dimethylated compound (5.84 g, 100%) was obtained as a yellow oil without additional 

purification.  The 1H NMR spectrum matched known data.102  The LiAlH4 (2.26 g, 59.6 

mmol) was added in portions to a solution of the ester (5.84 g, 29.8 mmol) in THF (250 

mL) at 0 °C.  The reaction was allowed to warm to room temperature while stirring 

overnight.  The reaction mixture was slowly diluted with EtOAc, and then was quenched 

by the dropwise addition of H2O.  The resulting mixture was extracted with EtOAc, and 
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the combined organic extracts were dried (MgSO4), filtered, and concentrated in vacuo.  

Final purification by flash column chromatography (30% EtOAc in hexanes) afforded 

benzylic alcohol 67 (4.05 g, 81%) as a white solid. The 1H NMR spectrum matched the 

known data.103 

 

Bromide 68.  To a stirred solution of compound 67 (562 mg, 3.3 mmol) in CHCl3 at 

room temperature was added NBS (597 mg, 3.4 mmol) in small portions.  The reaction 

was allowed to stir for 2 h, and then it was quenched by addition of saturated aqueous 

NaHCO3.  After the addition of saturated aqueous Na2S2O3, the resulting mixture was 

extracted with CHCl3.  The combined organic extracts were washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo.  The aryl bromide 68 (776 mg, 94%) was 

obtained as an orange oil.72 

 

THP acetal 69.  To a stirred solution of benzyl alcohol 68 (2.78 g, 11.3 mmol) and DHP 

(3.1 mL, 33.8 mmol) in CH2Cl2 (30 mL) was added PPTS (313 mg, 12.4 mmol).  After 

the reaction was allowed to stir overnight, it was quenched by addition of saturated 

aqueous NaHCO3.  The mixture was extracted with Et2O, dried (Na2SO4), filtered, and 

concentrated in vacuo.  Final purification by flash column chromatography (~12% EtOAc 

in hexanes) afforded THP acetal 69 (2.57 g, 69%) as a white solid.  The 1H NMR 

spectrum matched known data.73 

 

Geranylated arene 70.  To a stirred solution of TMEDA (0.58 mL, 3.9 mmol) and n–

BuLi (2.47 M solution in hexanes, 1.5 mL, 3.6 mmol) in Et2O (20 mL) at −10 °C was 

added the bromide 69 (979 mg, 3.0 mmol) dissolved in Et2O (4 mL). After 45 min of 

stirring, CuI (742 mg, 3.9 mmol) was added and then geranyl bromide (840 mg, 3.9 

mmol) was added slowly over 8 min to the reaction. After the mixture was stirred 

overnight, the reaction was quenched by addition of saturated aqueous NH4Cl. The 
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resulting mixture was extracted with EtOAc, and the combined organic extracts were 

washed with brine, dried (MgSO4), filtered, and concentrated in vacuo. Final purification 

by flash column chromatography (4% EtOAc in hexanes) afforded compound 70 (364 

mg, 32%) as a yellow oil: 1H NMR (500 MHz, CDCl3) δ 6.61 (d, J = 2.4 Hz, 1H), 6.42 

(d, J = 2.5 Hz, 1H), 5.07−5.04 (m, 2H), 4.74 (d, J = 12.2 Hz, 1H), 4.70 (t, J = 3.7 Hz, 

1H), 4.48 (d, J = 12.1 Hz, 1H), 3.94−3.90 (m, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.37−3.29 

(m, 2H), 2.06−1.80 (m, 5H), 1.80−1.54 (m, 5H), 1.75 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H); 

13C NMR (125 MHz, CDCl3) δ 158.6, 158.4, 138.0, 134.5, 131.2, 124.4, 123.3, 121.3, 

105.0, 98.0 (2C), 66.9, 62.2, 55.7, 55.3, 39.8, 30.7, 26.8, 25.7, 25.5, 24.1, 19.5, 17.7, 

16.1; HRMS (ESI) m/z calcd for C24H36O4Na (M + Na)+ 411.2511, found 411.2495.16 

 

Benzylic alcohol 71.  To a solution of the THP acetal 70 (364 mg, 0.9 mmol) in MeOH 

(8 mL) at room temperature was added TsOH (356 mg, 1.9 mmol). The solution was 

stirred for 2.5 h and quenched by addition of NaHCO3. The mixture was extracted with 

EtOAc, and the combined organic extracts were dried (MgSO4), filtered, and 

concentrated in vacuo to afford the benzylic alcohol 71 as a yellow oil. This material was 

used in further reactions without additional purification: 1H NMR (300 MHz, CDCl3) δ 

6.59 (d, J = 2.4 Hz, 1H), 6.43 (d, J = 2.2 Hz, 1H), 5.09−5.02 (m, 2H) 4.64 (d, J = 3.9 Hz, 

2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.35 (d, J = 6.8 Hz, 2H), 2.10−1.94 (m, 4H), 1.76 (s, 3H), 

1.65 (s, 3H), 1.57 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 158.7, 158.3, 140.6, 135.0, 

131.4, 124.1, 123.5, 120.3, 104.0, 97.9, 63.3, 55.6, 55.3, 39.6, 26.6, 25.6, 23.7, 17.6, 

16.1; HRMS (EI) m/z calcd for C19H28O3 (M)+ 304.2038, found 304.2044.16 

 

Aldehyde 66.  To a stirred solution of the benzylic alcohol 71 (285 mg, 0.9 mmol, 

assuming 100% conversion in the previous step) in CH2Cl2 (15 mL) was added activated 

MnO2 (815 mg, 9.4 mmol). The mixture was stirred overnight and subsequently was 

filtered and concentrated in vacuo. Final purification by flash column chromatography 
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(12% EtOAc in hexanes) afforded aldehyde 66 (146 mg, 52% from 70) as a yellow oil: 

1H NMR (300 MHz, CDCl3) δ 10.3 (s, 1H), 6.98 (d, J = 2.2 Hz, 1H), 6.68 (d, J = 1.9 Hz, 

1H), 5.13−5.07 (m, 1H), 5.05−5.00 (m, 1H), 3.82 (s, 6H), 3.70 (d, J = 6.5 Hz, 2H), 

2.24−1.90 (m, 4H), 1.76 (s, 3H), 1.64 (s, 3H), 1.56 (s, 3H); 13CNMR (75 MHz, CDCl3) δ 

191.8, 158.8, 158.6, 135.2, 134.9, 131.4, 127.3, 124.0, 123.4, 104.8, 101.9, 55.8, 55.5, 

39.5, 26.5, 25.6, 22.5, 17.6, 16.2; HRMS (ESI) m/z calcd for C19H26O3Na (M + Na)+ 

325.1780, found 325.1783.16 

 

Phenol 72.  To a stirred solution of MOM ether 44 (103 mg, 0.3 mmol) in EtOH (2.5 

mL) was added TsOH (152 mg, 0.8 mmol). The solution was stirred overnight, quenched 

by addition of saturated aqueous NH4Cl, and extracted with EtOAc. The combined 

organic extracts were washed with brine, dried (MgSO4), and concentrated in vacuo to 

afford the phenol 72 as a yellow oil,16 and the material was moved forward without 

additional purification:  1H NMR (300 MHz, CDCl3) δ 6.96 (dd, J = 8.7 Hz, JHP = 3.2 Hz, 

1H), 6.68 (d, J = 8.8 Hz, 1H), 4.96 (t, J = 6.5 Hz, 1H), 3.99–3.86 (m, 4H), 3.79 (s, 3H), 

3.70 (s, 3H), 3.42 (d, J = 6.5 Hz, 2H), 3.04 (d, JHP = 21 Hz, 2H), 1.72 (s, 3H), 1.61 (s, 

3H), 1.18 (td, J = 7.5 Hz, JHP = 3.7 Hz, 6H). 

 

Methyl ether 73.  To a stirred solution of the phenol (88 mg, 0.3 mmol) in acetone (6 

mL) were added K2CO3 (242 mg, 1.8 mmol) and MeI (0.1 mL, 1.6 mmol). After the 

mixture was heated to reflux and stirred overnight, it was quenched by addition of H2O, 

and the mixture was extracted with EtOAc. The organic extracts were washed with 2 M 

NaOH, dried (MgSO4), and concentrated in vacuo. Without additional purification, 

methyl ether 73 (56 mg, 59%, 2 steps) was obtained as a yellow oil: 1H NMR (300 MHz, 

CDCl3) δ 6.96 (dd, J = 8.7 Hz, JHP = 3.2 Hz, 1H), 6.68 (d, J = 8.8 Hz, 1H), 4.96 (t, J = 6.5 

Hz, 1H), 3.99−3.86 (m, 4H), 3.79 (s, 3H), 3.70 (s, 3H), 3.42 (d, J = 6.5 Hz, 2H), 3.04 (d, 

JHP = 21 Hz, 2H), 1.72 (s, 3H), 1.61 (s, 3H), 1.18 (td, J = 7.5 Hz, JHP = 3.7 Hz, 6H).16 
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Prenylated arene 74.  To a solution of alcohol 47 (1.02 g, 4.5 mmol) in THF (35 mL) at 

rt was added n–BuLi (2.38 M solution in hexanes, 4.0 mL, 9.5 mmol) dropwise over 6 

min.  After the solution was allowed to stir for 30 min, CuBr•DMS (1.01 g, 4.9 mmol) 

was added to the reaction.  The mixture was allowed to stir for an additional 30 min, and 

then prenyl bromide (0.6 mL, 4.9 mmol) was added dropwise (13 min) to the reaction.  

Once the reaction was allowed to stir at rt for 2 h it was quenched by addition of NH4Cl.  

The mixture was extracted with Et2O, and the organic extracts were dried (MgSO4), 

filtered, and concentrated in vacuo.  Final purification by flash column chromatography 

(8% EtOAc in hexanes) afforded the prenylated arene 74 (467 mg, 35%) as a golden oil.  

The 1H NMR spectrum was identical to the known data.56 

 

Phosphonate 75.  To a solution of compound 74 (324 mg, 1.1 mmol) in THF (11 mL) at 

0 °C was added TEA (0.23 mL, 1.6 mmol) and then MsCl (0.11 mL, 1.4 mmol) was 

added to the reaction vessel.  After 1 h of stirring an additional amount of TEA (0.23 mL, 

1.6 mmol) and MsCl (0.11 mL, 1.4 mmol) was added to the reaction.  The reaction was 

allowed to stir for 1 h before LiBr (145 mg, 1.7 mmol) in THF (4 mL) was added.  The 

reaction stirred for 17 h while warming to rt, and then was diluted with EtOAc.  The 

resultant mixture was washed with brine.  The combined organics were dried (Na2SO4), 

filtered, and concentrated in vacuo.  Triethyl phosphite (2 mL, 11.8 mmol) was added to 

the neat oil, the reaction was heated to 90 °C, and was allowed to stir for 20.5 h.  The 

mixture was concentrated at 60 °C under reduced pressure overnight.  Final purification 

of the resulting oil by flash column chromatography (1% EtOH in CH2Cl2) provided 

phosphonate 75 (234 mg, 51%) as a yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.02 (dd, 

J = 8.7 Hz, 3.0 Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 5.17 (s, 2H), 5.08 (s, 2H), 5.07–5.03 

(m, 1H), 4.04–3.96 (m, 4H), 3.58 (s, 3H), 3.55 (d, J = 6.3 Hz, 2H), 3.49 (s, 3H), 3.10 (d, J 

= 21.5 Hz, 2H), 1.79 (s, 3H), 1.69 (s, 3H), 1.24 (t, J = 7.2 Hz, 6H); 13C NMR (125 MHz, 
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CDCl3) δ 148.9 (d, JCP = 3.8 Hz), 144.9 (d, JCP = 3.3 Hz), 135.5 (d, JCP = 7.1 Hz), 131.9, 

129.0, 128.2, 126.7 (d, JCP = 5.5 Hz), 124.7 (d, JCP = 9.3 Hz), 122.7, 114.0 (d, JCP = 3.6 

Hz), 62.0 (d, JCP = 6.7 Hz, 2C), 57.5, 56.2, 30.0 (d, JCP = 138.5 Hz), 25.8, 25.6, 18.0, 16.4 

(d, JCP = 6.1 Hz, 2C); 31P NMR (202 MHz, CDCl3) δ 27.1; HRMS (ESI) m/z calcd for 

C20H33O7NaP (M + Na)+ 439.1862, found 439.1873. 

 

Stilbene 78.  To a stirred solution of aldehyde 66 (21 mg, 0.07 mmol) and phosphonate 

62 (51 mg, 0.12 mmol) in THF (1.4 mL) at 0 °C was added KHMDS (0.5 M in toluene, 

0.69 mL, 0.35 mmol). The solution was stirred for 22 h at rt, and the reaction was 

quenched with NH4Cl. The resultant mixture was extracted with EtOAc, and the 

combined organic extracts were washed with brine, dried (MgSO4), filtered, and 

concentrated in vacuo. Final purification by preparative TLC (30% EtOAc in hexanes) 

gave stilbene 78 (36 mg, 92%) as a yellow oil: 1H NMR (500 MHz, CDCl3) δ 7.20 (d, J = 

16.0 Hz, 1H), 7.14 (d, J = 1.8 Hz, 1H), 6.98 (d, J = 2.1 Hz, 1H), 6.87 (d, J = 15.7 Hz, 

1H), 6.72 (d, J = 2.4 Hz, 1H), 6.41 (d, J = 2.6 Hz, 1H), 5.34−5.31 (m, 1H), 5.22 (s, 2H), 

5.12 (s, 2H), 5.06−5.03 (m, 1H), 3.85 (s, 3H), 3.81 (s, 3H), 3.61 (s, 3H), 3.52 (s, 3H), 

3.44−3.41 (m, 4H), 2.06−2.02 (m, 2H), 1.98−1.95 (m, 2H), 1.81 (s, 3H), 1.76 (s, 3H), 

1.74 (s, 3H), 1.60 (s, 3H), 1.53 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 158.5, 158.4, 

150.0, 144.4, 137.9, 136.1, 134.2, 133.9, 132.7, 131.2, 130.1, 126.3, 124.3, 123.5, 122.6, 

121.5, 121.2, 112.1, 101.4, 99.1, 98.1, 95.2, 57.5, 56.2, 55.7, 55.4, 39.7, 28.6, 26.7, 25.8, 

25.6, 24.4, 17.9, 17.6, 16.2; HRMS (ESI) m/z calcd for C35H49O6 (M + H)+ 565.3529, 

found 565.3524.16 

 

Analogue 79.  To a solution of bis–MOM acetal 78 (36 mg, 0.06 mmol) in MeOH (6.4 

mL) was added TsOH (49 mg, 0.26 mmol). After the solution was stirred for 19.5 h at rt, 

additional TsOH (25 mg, 0.13 mmol) was added due to incomplete conversion to 

product. After the solution was stirred for an additional 22.5 h, the reaction was quenched 
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by addition of NaHCO3. The resultant mixture was extracted with EtOAc, and the 

combined organic extracts were dried (MgSO4), filtered, and concentrated in vacuo. Final 

purification by preparative TLC (35% EtOAc in hexanes) provided stilbene 79 (14 mg, 

47%) as a yellow oil: 1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 15.6 Hz, 1H), 6.94 (s, 

1H), 6.84−6.80 (m, 2H), 6.71 (d, J = 2.1 Hz, 1H), 6.40 (d, J = 2.0 Hz, 1H), 5.45 (br s, 

1H), 5.34 (t, J = 6.1 Hz, 1H), 5.11 (t, J = 6.7 Hz, 1H), 5.06−5.04 (m, 1H), 3.84 (s, 3H), 

3.80 (s, 3H), 3.42 (d, J = 6.5 Hz, 2H), 3.37 (d, J = 7.1 Hz, 2H), 2.07−2.03 (m, 2H), 

1.98−1.95 (m, 2H), 1.81−1.79 (m, 9H), 1.61 (s, 3H), 1.54 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 158.5, 158.4, 144.2, 141.9, 138.0, 135.3, 134.4, 131.3, 130.6, 130.1, 127.3, 

125.2, 124.3, 123.6, 121.6, 121.1, 120.5, 110.9, 101.5, 97.9, 55.7, 55.4, 39.7, 29.9, 26.8, 

25.8, 25.6, 24.4, 17.9, 17.6, 16.3; HRMS (ESI) m/z calcd for C31H41O4 (M)+ 477.3005, 

found 477.2994.16 

 

Stilbene 80.  To a stirred suspension of NaH (60% dispersion in mineral oil, washed with 

hexanes, 28 mg, 0.7 mmol) in THF (2.5 mL) were added aldehyde 66 (35 mg, 0.1 mmol), 

phosphonate 48 (49 mg, 0.1 mmol), and 15–crown–5 (3 drops). The mixture was stirred 

for 2 h and quenched with saturated aqueous NH4Cl. The resultant mixture was extracted 

with EtOAc, and the combined organic extracts were washed with brine, dried (MgSO4), 

filtered, and concentrated in vacuo. Final purification of the residue by flash column 

chromatography (10% EtOAc in hexanes) gave stilbene 80 (38 mg, 67%) as a yellow oil: 

1H NMR (300 MHz, CDCl3) δ 7.32 (d, J = 1.6 Hz, 1H), 7.21 (d, J = 16.1 Hz, 1H), 7.15 

(d, J = 8.4 Hz, 1H), 7.10 (dd, J = 8.5 Hz, 1.7 Hz, 1H), 6.89 (d, J = 16.2 Hz, 1H), 6.72 (d, 

J = 2.2 Hz, 1H), 6.42 (d, J = 2.1 Hz, 1H), 5.28 (s, 2H), 5.26 (s, 2H), 5.14−5.03 (m, 2H), 

3.85 (s, 3H), 3.81 (s, 3H), 3.54 (s, 3H), 3.53 (s, 3H), 3.43 (d, J = 6.7 Hz, 2H), 2.08−1.95 

(m, 4H), 1.81 (s, 3H), 1.61 (s, 3H), 1.54 (s, 3H); 13C NMR (75 MHz,CDCl3) δ 158.5, 

158.3, 147.3, 146.8 137.8, 134.3, 132.4, 131.2, 129.7, 125.8, 124.3, 123.5, 121.1, 120.8, 
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116.5, 114.6, 101.2, 98.0, 95.4, 95.3, 56.2 (2C), 55.6, 55.3, 39.7, 26.7, 25.6, 24.3, 17.6, 

16.2; HRMS (ESI) m/z calcd for C30H41O6 (M + H)+ 497.2903, found 497.2918.16 

 

Analogue 81.  To a solution of bis(methoxymethyl) ether 80 (18 mg, 0.04 mmol) in 

MeOH (2 mL) was added TsOH (29 mg, 0.15 mmol). After the solution was stirred 

overnight, the reaction was quenched by addition of saturated aqueous NaHCO3. The 

resultant mixture was extracted with EtOAc, and the combined organic extracts were 

dried (MgSO4), filtered, and concentrated in vacuo. Final purification of a portion (25%) 

of the residual oil by preparative TLC (25% EtOAc in hexanes) afforded the stilbene 81 

(5 mg, 100% by NMR) as a yellow oil; the remaining material (75%) was moved forward 

without additional purification. For compound 81: 1H NMR (300 MHz, CDCl3) δ 

7.20−6.82 (m, 5H), 6.71 (m, 1H), 6.42 (m, 1H), 5.19−4.98 (m, 2H), 3.86 (s, 3H), 3.81 (s, 

3H), 3.42 (d, J = 5.9 Hz, 2H), 2.07−1.97 (m, 4H), 1.80 (s, 3H), 1.62 (s, 3H), 1.55 (s, 3H); 

13C NMR (75 MHz, CDCl3) δ 158.5, 158.4, 143.8, 143.5, 137.9, 134.5, 131.3, 129.9, 

125.1, 124.3, 123.5, 121.1, 119.9, 115.5, 113.1, 110.9, 101.4, 97.9, 55.7, 55.4, 39.7, 26.7, 

25.6, 24.3, 17.7, 16.3; HRMS (ESI) m/z calcd for C26H33O4 (M + H)+ 409.2379, found 

409.2374.16 

 

Stilbene 82.  To a solution of phosphonate 50 (47 mg, 0.16 mmol) and aldehyde 66 (41 

mg, 0.14 mmol) in THF (1.5 mL) was added KHMDS (0.5 M solution in toluene, 3.25 

mL, 1.63 mmol).  After the reaction stirred for 3.5 h, it was quenched by addition of 

NH4Cl and extracted with EtOAc, and the combined extracts were washed with brine, 

dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by flash column 

chromatography (8% EtOAc in hexanes) provided stilbene 82 (19 mg, 32%) as a yellow 

oil:  1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 15.9 Hz, 1H), 

7.02 (d, J = 7.6 Hz, 2H), 6.91 (d, J = 16.1 Hz, 1H), 6.73 (s, 1H), 6.41 (s, 1H), 5.19 (s, 

2H), 5.12–5.05 (m, 2H), 3.85 (s, 3H), 3.81 (s, 3H), 3.49 (s, 3H), 3.43 (d, J = 6.7 Hz, 2H), 
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2.05–1.96 (m, 4H), 1.79 (s, 3H), 1.61 (s, 3H), 1.54 (s, 3H); 13C NMR (125 MHz, CDCl3) 

δ 158.6, 158.4, 156.8, 138.0, 134.4, 131.6, 131.2, 129.7, 127.7 (2C), 125.4, 124.3, 123.6, 

121.1, 116.4 (2C), 101.5, 98.0, 94.4, 56.0, 55.7, 55.3, 39.7, 26.7, 25.6, 24.4, 17.6, 16.2; 

HRMS (EI) m/z calcd for C28H36O4 (M)+ 436.2614, found 436.2606. 

 

Analogue 83.  To a solution of compound 82 (19 mg, 0.04 mmol) in MeOH (2 mL) was 

added TsOH (25 mg, 0.13 mmol) and the reaction was allowed to stir for 12 h.  The 

reaction was quenched by addition of NaHCO3 and extracted with EtOAc, and the 

combined extracts were dried (MgSO4), filtered, and concentrated in vacuo.  Final 

purification by preparative TLC (30% EtOAc in hexanes) delivered phenol 83 (5 mg, 

33%) as a yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 8.5 Hz, 2H), 7.19 (d, J 

= 16 Hz, 1H), 6.90 (d, J = 15.9 Hz, 1H), 6.83 (d, J = 8.5 Hz, 2H), 6.72 (d, J = 2.2 Hz, 

1H), 6.41 (d, J = 2.4 Hz, 1H), 5.13–5.04 (m, 2H), 3.85 (s, 3H), 3.81 (s, 3H), 3.43 (d, J = 

6.6 Hz, 2H), 2.07–1.95 (m, 4H), 1.79 (s, 3H), 1.62 (s, 3H), 1.54 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 158.5, 158.4, 155.3, 138.1, 134.4, 131.3, 130.6, 129.8 (2C), 127.9, 125.0, 

124.3, 123.6, 121.0, 115.6 (2C), 101.5, 97.9, 55.7, 55.4, 39.7, 26.7, 25.6, 24.4, 17.6, 16.2; 

HRMS (EI) m/z calcd for C26H32O3 (M)+ 392.2351, found 392.2366. 

 

Stilbene 84.  A solution of KHMDS (0.5 M in toluene, 0.95 mL, 0.48 mmol) was added 

to a solution of aldehyde 66 (12 mg, 0.04 mmol) and phosphonate 52 (45 mg, 0.20 mmol) 

in THF (1.5 mL) at rt.  After the reaction was stirred for 4.5 h, it was quenched by 

addition of NH4Cl and extracted with EtOAc, and the combined extracts were washed 

with brine, dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by 

preparative TLC (15% EtOAc in hexanes) yielded stilbene 84 (7 mg, 41%) as a colorless 

oil:  1H NMR (500 MHz, CDCl3) δ 7.35–7.25 (m, 2H), 7.17–7.14 (m, 2H), 6.95–6.91 (m, 

2H), 6.73 (d, J = 2.0 Hz, 1H), 6.43 (d, J = 1.9 Hz, 1H), 5.20 (s, 2H), 5.11 (t, J = 5.8 Hz, 

1H), 5.05 (t, J = 6.4 Hz, 1H), 3.85 (s, 3H), 3.81 (s, 3H), 3.50 (s, 3H), 3.43 (d, J = 6.4 Hz, 
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2H), 2.05–1.95 (m, 4H), 1.80 (s, 3H), 1.61 (s, 3H), 1.54 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 158.6, 158.4, 157.6, 139.2, 137.7, 134.5, 131.2, 130.1, 129.6, 127.5, 124.3, 

123.5, 121.4, 120.3, 115.5, 114.3, 101.6, 98.3, 94.4, 56.0, 55.7, 55.4, 39.7, 26.7, 25.6, 

24.4, 17.6, 16.2; HRMS (EI) m/z calcd for C28H36O4 (M)+ 436.2614, found 436.2619. 

  

Analogue 85.  To a solution of compound 84 (7 mg, 0.02 mmol) in MeOH:THF (1:1 mL) 

was added TsOH (7 mg, 0.04 mmol).  The reaction was allowed to stir for 20.5 h, then 

additional TsOH was added due to incomplete conversion to product.  After stirring for 

an additional 22 h at rt, the reaction was quenched by addition of NaHCO3 and extracted 

with EtOAc.  The combined extracts were dried (MgSO4), filtered, and concentrated in 

vacuo.  Final purification by preparative TLC (15% EtOAc in hexanes) provided phenol 

85 (4 mg, 67%) as a yellow oil:  1HNMR (500 MHz, CDCl3) δ 7.33 (d, J = 16.2 Hz, 1H), 

7.22 (t, J = 7.8 Hz, 1H), 7.07 (d, J = 7.5 Hz, 1H), 6.97–6.96 (m, 1H), 6.90 (d, J = 16.1 

Hz, 1H), 6.75–6.72 (m, 2H), 6.43 (d, J = 2.4 Hz, 1H), 5.13–5.10 (m, 1H), 5.06–5.03 (m, 

1H), 3.85 (s, 3H), 3.81 (s, 3H), 3.44 (d, J = 6.6 Hz, 2H), 3.35 (s, 1H), 2.07–2.03 (m, 2H), 

1.99–1.96 (m, 2H), 1.80 (s, 3H), 1.61 (s, 3H), 1.55 (s, 3H); 13C NMR (125 MHz, CDCl3) 

δ 158.6, 158.4, 155.8, 139.4, 137.6, 134.5, 131.3, 130.0, 129.8, 127.6, 124.3, 123.5, 

121.4, 119.4, 114.6, 113.1, 101.7, 98.3, 55.7, 55.4, 39.7, 29.7, 26.7, 25.6, 17.7, 16.3; 

HRMS (ESI) m/z calcd for C26H33O3 (M + H)+ 393.2430, found 393.2427. 

 

Analogue 86.  To a stirred suspension of NaH (60% dispersion in mineral oil, washed 

with hexanes, 33 mg, 0.8 mmol) in THF (2.5 mL) were added phosphonate 73 (56 mg, 

0.2 mmol), aldehyde 66 (39 mg, 0.1 mmol), and 15-crown-5 (3 drops). The mixture was 

stirred for 2 h and quenched by addition of saturated aqueous NH4Cl. The resulting 

mixture was extracted with EtOAc, and the combined organic extracts were washed with 

brine, dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by flash 

column chromatography (10% EtOAc in hexanes) afforded stilbene 86 (20 mg, 31%) as a 
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yellow oil: 1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.7 Hz, 1H), 7.12 (s, 2H), 6.80 (d, 

J = 8.8 Hz, 1H), 6.71 (d, J = 2.5 Hz, 1H), 6.21 (d, J = 2.5 Hz, 1H), 5.16−5.11 (m, 2H), 

5.07−5.04 (m, 1H), 3.88 (s, 3H), 3.84 (s, 3H), 3.81 (s, 3H), 3.81 (s, 3H), 3.52−3.50 (m, 

2H), 3.42 (d, J = 6.7 Hz, 2H), 2.07−2.03 (m, 2H), 1.98−1.92 (m, 2H), 1.81 (s, 3H), 1.78 

(s, 3H), 1.67 (s, 3H), 1.62 (s, 3H), 1.55 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 158.5, 

158.4, 152.3, 146.9, 138.4, 134.4, 134.0, 131.4, 131.2, 130.4, 128.0, 127.0, 124.4, 123.5, 

123.3, 121.6, 121.1, 110.2, 101.6, 97.9, 60.7, 55.7 (2C), 55.3, 39.7, 26.8, 25.7, 25.6, 25.5, 

24.3, 18.1, 17.6, 16.3; HRMS (EI) m/z calcd for C33H44O4 (M)+ 504.3240, found 

504.3237.16 

 

Stilbene 87.  To a stirred solution of aldehyde 66 (27 mg, 0.1 mmol) and 44 (51 mg, 0.1 

mmol) in THF (1.5 mL) at room temperature were added NaH (60% dispersion in 

mineral oil, 22 mg, 0.6 mmol) and 15-crown-5 (2 drops). After the mixture was stirred 

overnight, the reaction was quenched by addition of NH4Cl.  The resulting mixture was 

extracted with EtOAc, and then the combined organic extracts were dried (MgSO4), 

filtered, and concentrated in vacuo. Final purification by flash column chromatography 

(10% EtOAc in hexanes) provided 87 (18 mg) in 38% yield as a yellow oil: 1H NMR 

(300 MHz, CDCl3) δ 7.33 (d, J = 8.7 Hz, 1H), 7.11 (m, 2H), 6.80 (d, J = 8.6 Hz, 1H), 

6.70 (d, J = 2.3 Hz, 1H), 6.41 (d, J = 2.5 Hz, 1H), 5.16−5.03 (m, 3H), 5.09 (s, 2H), 3.86 

(s, 3H), 3.83 (s, 3H), 3.81 (s, 3H), 3.60 (s, 3H), 3.57 (d, J = 6.6 Hz, 2H), 3.42 (d, J = 6.7 

Hz, 2H), 2.05−1.96 (m, 4H), 1.80 (s, 3H), 1.78 (s, 3H), 1.68 (s, 3H), 1.62 (s, 3H), 1.55 (s, 

3H); 13C NMR (75 MHz, CDCl3) δ 158.8, 158.7, 152.1, 144.1, 138.7, 134.8, 134.5, 131.6 

(2C), 130.9, 128.4, 127.3, 124.7, 123.8, 123.6, 122.2, 121.4, 110.4, 101.8, 99.4, 98.2, 

58.0, 56.1, 56.0, 55.6, 40.1, 30.0, 27.1, 26.1, 26.0 (2C), 24.7, 18.5, 18.0, 16.6; HRMS 

(EI) m/z calcd for C34H46O5 (M)+ 534.3345, found 534.3330.16 
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Analogue 88.  To a stirred solution of MOM ether 87 (27 mg, 0.1 mmol) in MeOH (2.5 

mL) was added TsOH (40 mg, 0.2 mmol). The solution was stirred overnight, and the 

reaction was quenched by addition of saturated aqueous NaHCO3. The resulting mixture 

was extracted with EtOAc, and the organic extracts were dried (MgSO4), filtered, and 

concentrated in vacuo. Stilbene 88 (22 mg, 88%) was obtained as a yellow oil: 1H NMR 

(300 MHz, CDCl3) δ 7.14 (m, 2H), 7.10 (m, 1H), 6.76 (m, 1H), 6.73 (d, J = 2.4 Hz, 1H), 

6.42 (d, J = 2.2 Hz, 1H), 5.21−5.04 (m, 3H), 3.90 (s, 3H), 3.84 (s, 3H), 3.81 (s, 3H), 3.52 

(d, J = 6.5 Hz, 2H), 3.43 (d, J = 6.4 Hz, 2H), 2.09−1.96 (m, 4H), 1.82 (s, 3H), 1.78 (s, 

3H), 1.68 (s, 3H), 1.62 (s, 3H), 1.55 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 158.9, 158.1, 

146.2, 143.6, 138.7, 134.7, 131.9, 131.5, 131.0, 128.5, 127.5, 126.1, 124.7, 123.9, 123.0, 

121.5, 117.5, 108.8, 101.9, 98.3, 56.0, 55.7, 55.3, 39.8, 26.8, 25.7, 25.6, 25.1, 24.4, 18.1, 

17.6, 16.3; HRMS (EI) m/z calcd for C32H42O4 (M + H)+ 490.3083, found 490.3087.16 

 

Analogue 86.  To a solution of stilbene 88 (11 mg, 0.02 mmol) in THF (3 mL) were 

added NaH (60% dispersion in mineral oil, 6 mg, 0.2 mmol) and MeI (2 drops). The 

mixture was stirred for 5 h, and the reaction was quenched by addition of H2O. The 

resultant mixture was extracted with EtOAc, and the combined organic extracts were 

washed with 2 M NaOH, dried (MgSO4), filtered, and concentrated in vacuo. Stilbene 86 

(6 mg, 55%) was obtained as a yellow oil, with 1H NMR data that were identical to the 

data given above. 

 

Stilbene 89.  To a solution of aldehyde 66 (26 mg, 0.09 mmol) and phosphonate 75 (63 

mg, 0.15 mmol) in THF (1.7 mL) at 0 °C was added KHMDS (1.0 M solution in THF, 

0.43 mL, 0.43 mmol).  The reaction was allowed to warm to rt while stirring for 18 h.  It 

was then quenched by the addition of NH4Cl, and the resultant mixture was extracted 

with EtOAc.  The combined organic extracts were washed with brine, dried (MgSO4), 

filtered, and concentrated in vacuo.  Final purification by preparative TLC (30% EtOAc 
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in hexanes) provided stilbene 89 (34 mg, 69%) as a yellow oil:  1H NMR (500 MHz, 

CDCl3) δ 7.30 (d, J = 8.4 Hz, 1H), 7.12–7.11 (m, 2H), 7.02 (d, J = 8.7 Hz, 1H), 6.70 (d, J 

= 2.6 Hz, 1H), 6.42 (d, J = 2.3 Hz, 1H), 5.21 (s, 2H), 5.18–5.12 (m, 1H), 5.12–5.10 (m, 

3H), 5.07–5.04 (m, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.60 (s, 3H), 3.56 (d, J = 6.5 Hz, 2H), 

3.51 (s, 3H), 3.42 (d, J = 6.3 Hz, 2H), 2.07–2.02 (m, 2H), 1.98–1.95 (m, 2H), 1.80 (s, 

3H), 1.78 (s, 3H), 1.68 (s, 3H), 1.61 (s, 3H), 1.55 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

158.5, 158.4, 149.3, 144.6, 138.3, 134.5, 134.3, 131.9, 131.4, 131.2, 128.0, 127.4, 124.3, 

123.5, 123.3, 122.0, 121.2, 114.2, 101.6, 99.2, 98.0, 95.1, 57.6, 56.2, 55.7, 55.3, 39.7, 

26.8, 25.8, 25.6, 25.6, 24.3, 18.2, 17.6, 16.3; HRMS (ESI) m/z calcd for C35H49O6 (M + 

H)+ 565.3529, found 565.3541. 

 

Analogue 90.  To a solution of the bis(methoxymethyl) ether 89 (33 mg, 0.06 mmol) in 

MeOH (5.8 mL) was added TsOH (46 mg, 0.24 mmol).  The reaction was allowed to stir 

for 3 d, and was quenched by the addition of NaHCO3.  The resultant mixture was 

extracted with EtOAc, and the combined organic extracts were dried (MgSO4), filtered, 

and concentrated in vacuo.  Phenol 90 (6 mg, 21%) was obtained as a yellow oil after 

final purification by preparative TLC (30% EtOAc in hexanes):  1H NMR (500 MHz, 

CDCl3) δ 7.14–7.06 (m, 3H), 6.77 (d, J = 8.7 Hz, 1H), 6.71 (d, J = 2.7 Hz, 1H), 6.42 (d, J 

= 2.0 Hz, 1H), 5.44 (br s, 2H), 5.24–5.21 (m, 1H), 5.12–5.10 (m, 1H), 5.06–5.03 (m, 1H), 

3.84 (s, 3H), 3.31 (s, 3H), 3.51 (d, J = 6.5 Hz, 2H), 3.41 (d, J = 7.0 Hz, 2H), 2.06–2.02 

(m, 2H), 1.97–1.94 (m, 2H), 1.84 (s, 3H), 1.76–1.74 (m, 6H), 1.62 (s, 3H), 1.55 (s, 3H); 

13C NMR (125 MHz, CDCl3) δ 158.6, 158.5, 143.6, 142.0, 138.4, 134.6, 134.4, 131.3, 

130.1, 128.2, 127.7, 125.9, 124.4, 123.5, 121.9, 121.2, 118.8, 113.2, 101.9, 97.9, 55.7, 

55.3, 39.7, 26.8, 25.9, 25.7, 25.6, 24.4, 18.1, 17.6, 16.2; HRMS (ESI) m/z calcd for 

C31H41O4 (M + H)+ 477.3005, found 477.3017. 
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Analogue 91.  To a stirred solution of stilbene 81 in acetone (3 mL) was added K2CO3 

(35 mg, 0.25 mmol) followed by MeI (38 μL, 0.61 mmol). The mixture was stirred for 2 

days, and the reaction was quenched with H2O. The resulting mixture was extracted with 

EtOAc, and the combined organic extracts were washed with brine, dried (MgSO4), 

filtered, and concentrated in vacuo. Final purification by flash column chromatography 

(gradient of hexanes to 40% EtOAc in hexanes) provided stilbene 91 (4 mg, 27%) as a 

yellow oil: 1H NMR (300 MHz, CDCl3) δ 7.27−7.18 (m, 1H), 7.06−7.04 (m, 2H), 

6.94−6.85 (m, 2H), 6.75 (d, J = 2.7 Hz, 1H), 6.43 (d, J = 2.4 Hz, 1H), 5.14 (t, J = 7.5 Hz, 

1H), 5.06 (t, J = 7.5 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.86 (s, 3H), 3.83 (s, 3H), 

3.46−3.44 (m, 2H), 2.05−1.95 (m, 4H), 1.82 (s, 3H), 1.62 (s, 3H), 1.55 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δ 158.9, 149.1, 138.0, 134.2, 131.3, 130.8, 130.1, 125.2, 124.2, 123.4, 

121.1, 119.9, 111..3, 108.8, 107.1, 105.8, 101.4, 97.9, 56.0, 55.8, 55.7, 55.4, 39.7, 26.8, 

25.6, 24.4, 17.6, 16.3; HRMS (EI) m/z calcd for C28H36O4 (M)+ 436.2614, found 

436.2606.16 

 

Geranylated arene 92.  To a solution of compound 35 (4.06 g, 24.1 mmol) in dioxane 

(100 mL) was added BF3•OEt2 (1.2 mL, 9.7 mmol).  The reaction mixture was heated to 

50 °C, then geraniol (2.1 mL, 12.1 mmol) dissolved in dioxane (25 mL) was added 

dropwise over 60 min and the reaction was allowed to stir for 2.5 h.  The reaction was 

quenched by addition of H2O and extracted with Et2O.  The combined extracts were 

washed with brine, dried (MgSO4), filtered, and concentrated in vacuo.  Final purification 

(15% EtOAc in hexanes) provided geranylated compound 92 (871 mg, 24%).  The 1H 

NMR data matched the literature.56 

 

Methylated products 93–95.  To a stirred solution of K2CO3 (1.09 g, 7.9 mmol) and 

compound 92 (1.85 g, 6.1 mmol) in DMF (60 mL) was added iodomethane (0.49 mL, 7.9 

mmol) over 2 min.  After the reaction was stirred for 1.5 h, it was quenched by addition 
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of NH4Cl.  The resulting mixture was extracted with Et2O, and the combined organics 

were dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by flash 

column chromatography (4% EtOAc in hexanes) afforded compounds 94 (370 mg, 19%), 

95 (205 mg, 11%), and 93 (304 mg, 15%) as yellow oils.   

 

For compound 94:  1H NMR (600 MHz, CDCl3) δ 6.84 (s, 1H), 6.55 (s, 1H), 5.13–5.10 

(m, 1H), 5.08–5.04 (m, 1H), 3.85 (s, 3H), 3.76 (s, 3H), 3.54 (d, J = 6.4 Hz, 2H), 2.06–

2.01 (m, 2H), 1.97–1.92 (m, 2H), 1.72 (s, 3H), 1.64 (s, 3H), 1.56 (s, 3H); 13C NMR (150 

MHz, CDCl3) δ 169.2 (C-1), 159.2 (C-2), 154.7 (C-3), 135.1 (C-4), 131.9 (C-5), 124.2 

(C-6), 123.6 (C-7), 123.5 (2C, C- 8, C-9), 108.2 (C-10), 102.2 (C-11), 55.6 (C-12), 52.1 

(C-13); 39.8 (C-14), 26.5 (C-15), 25.7 (C-16), 25.0 (C-17), 17.8 (C-18), 15.9 (C-19); 

HMBC data, H-17  C-9, C-2; H-13  C-1; H-12  C-2; H-11  C-10, C-9, C-3, C-2; 

H-10  C-11, C-8, C-3, C-1; HRMS (EI) m/z calcd for C19H26O4 (M)+ 318.1831, found 

318.1847.   
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For compound 95:  1H NMR (600 MHz, CDCl3) δ 6.89 (d, J = 2.2 Hz, 1H), 6.57 (d, J = 

2.2 Hz, 1H), 6.44 (br s, 1H), 5.21–5.19 (m, 1H), 5.04–5.03 (m, 1H), 3.87 (s, 3H), 3.74 (s, 

3H), 3.61 (d, J = 6.2 Hz, 2H), 2.08–2.05 (m, 2H), 2.02–1.99 (m, 2H), 1.76 (s, 3H), 1.65 

(s, 3H), 1.57 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 168.9 (C-1), 158.1 (C-2), 156.3 (C-

3), 136.9 (C-4), 131.8 (C-5), 124.1 (C-6), 122.7 (C-7), 121.3 (C-8), 120.8 (C-9), 107.2 

(C-10), 105.8 (C-11), 55.6 (C-12), 52.3 (C-13), 39.8 (C-14), 26.6 (C-15), 25.9 (C-16), 

25.6 (C-17), 17.8 (C-18), 16.2 (C-19); HMBC data H-17  C-9, C-3; H-13  C-1; H-12 

 C-2; H-11  C-10, C-9, C-3, C-2; H-10  C-11, C-8, C-2, C-1; HRMS (EI) m/z 

calcd for C19H26O4 (M)+ 318.1831, found 318.1827.   

 

For compound 93:  1H NMR (400 MHz, CDCl3) δ 6.85 (d, J = 2.1 Hz, 1H), 6.57 (d, J = 

2.1 Hz, 1H), 5.16–5.11 (m, 1H), 5.09–5.03 (m, 1H), 3.86 (s, 3H), 3.79 (s, 6H), 3.57 (d, J 

= 5.1 Hz, 2H), 2.08–2.01 (m, 2H), 1.97–1.92 (m, 2H), 1.73 (s, 3H), 1.64 (s, 3H), 1.56 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 168.6, 158.7, 158.1, 134.5, 131.8, 130.9, 124.3, 

124.1, 123.3, 104.8, 102.0, 55.6, 55.3, 51.9, 39.7, 26.6, 25.5, 24.9, 17.5, 16.0; HRMS (EI) 

m/z calcd for C20H28O4 (M)+ 332.1988, found 332.1988. 
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Silyl ether 105.  To a stirred solution of alcohol 36 (3.19 g, 14.0 mmol) and imidazole 

(5.04 g, 74.1 mmol) in CH2Cl2 (125 mL) at room temperature was added TBSCl (2.95 g, 

19.6 mmol).  After the reaction was allowed to stir for 21 h, it was quenched by addition 

of NH4Cl and water.  The mixture was extracted with CH2Cl2, dried (MgSO4), filtered, 

and concentrated in vacuo.  Final purification by flash column chromatography (15% 

EtOAc in hexanes) afforded silyl ether 105 (5.09 g, 100% by NMR) as a pale yellow oil.  

The 1H NMR spectrum matched literature data.54 

 

Prenylated arene 106.  To a stirred solution of TMEDA (0.57 mL, 3.8 mmol) and n–

BuLi (2.4 M in hexanes, 1.5 mL, 3.6 mmol) in Et2O (30 mL) at –10 °C was added silyl 

ether 105 (1.01 g, 2.9 mmol) dissolved in Et2O (4 mL).  After stirring 30 min, CuI (725 

mg, 3.8 mmol) was added, followed by addition of a solution of prenyl bromide (0.41 

mL, 3.5 mmol) in Et2O (4 mL) over 20 min.  The reaction was allowed to stir for 90 min, 

quenched by addition of NH4Cl, extracted with EtOAc, washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo.  Final purification by flash column 

chromatography (7% EtOAc in hexanes) provided prenylated compound 106 (240 mg, 

20%) as a yellow oil.  The 1H NMR spectrum matched known data.66 

 

Benzylic alcohol 107.  To a solution of compound 106 (240 mg, 0.58 mmol) in THF (5 

mL) was added TBAF (1 M solution in THF, 0.76 mL, 0.76 mmol).  The reaction was 

allowed to stir for 23 h and then quenched by addition of NH4Cl.  The resulting mixture 

was extracted with EtOAc, washed with brine, dried (MgSO4), filtered, and concentrated 

in vacuo.  Final purification by flash column chromatography (30% EtOAc in hexanes) 

afforded benzyl alcohol 107 (99 mg, 57%) as a yellow oil.  The 1H NMR spectrum 

matched known data.9 

 



122 

 

Stilbene 109.  To a solution of KHMDS (0.5 M solution in toluene, 2.12 mL, 1.06 mmol) 

in THF (1.5 mL) were added phosphonate 1048,9 (46 mg, 0.11 mmol) and aldehyde 108 

(20 mg, 0.09 mmol).  After the solution was stirred for 2 h, the reaction was quenched by 

addition of NH4Cl.  The resulting mixture was extracted with EtOAc, washed with brine, 

dried (MgSO4), filtered, and concentrated in vacuo.  Final purification by flash column 

chromatography provided stilbene 109 (25 mg, 58%) as a yellow oil: 1H NMR (500 

MHz, CDCl3) δ 7.32 (d, J = 1.9 Hz, 1H), 7.14−7.09 (m, 2H), 6.98−6.89 (m, 4H), 5.29 (s, 

2H), 5.25−5.21 (m, 7H), 3.56 (s, 3H), 3.53 (s, 3H), 3.50 (s, 6H), 3.39 (d, J = 7.2 Hz, 2H), 

1.79 (s, 3H), 1.66 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 155.8 (2C), 147.4, 146.8, 

136.4, 132.1, 131.0, 127.7 (2C), 122.7, 121.0, 119.7, 116.6, 114.3, 106.0 (2C), 95.4 (2C), 

94.5 (2C), 56.2 (2C), 56.0 (2C), 25.7, 22.7, 17.7; HRMS (EI) m/z calcd for C27H36O8 

(M)+ 488.2410, found 488.2416.16 

 

Analogue 110.  After TsOH (40 mg, 0.21 mmol) was added to a solution of stilbene 109 

(13 mg, 0.03 mmol) in MeOH (2.5 mL), the solution was stirred for 24 h. The reaction 

was quenched by addition of NaHCO3, and the resulting mixture was extracted with 

EtOAc, dried (MgSO4), filtered, and concentrated in vacuo. Final purification by 

preparative TLC (30% EtOAc in hexanes) gave stilbene 110 (4 mg, 50%) as a yellow oil. 

The 1H and 13C NMR spectra matched published data.16,78,79 

 

Stilbene 112.  To a solution of KHMDS (0.5 M solution in toluene, 4.62 mL, 2.31 mmol) 

in THF (1.5 mL) were added phosphonate 104 (99 mg, 0.24 mmol) and aldehyde 111 (32 

mg, 0.19 mmol). After the solution was stirred for 3 h, the reaction was quenched by 

addition of NH4Cl. The resulting mixture was extracted with EtOAc, washed with brine, 

dried (MgSO4), filtered, and concentrated in vacuo. Final purification of the residue by 

flash column chromatography (4% EtOAc in hexanes) provided stilbene 112 (33 mg, 

40%) as a yellow oil: 1H NMR (500 MHz, CDCl3) δ 7.44 (t, J = 2.7 Hz, 1H), 7.42 (t, J = 
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1.9 Hz, 1H), 7.03−7.01 (m, 2H), 6.98−6.95 (m, 1H), 6.92−6.90 (m, 1H), 6.92 (s, 2H), 

5.24−5.19 (m, 5H), 5.19 (s, 2H), 3.50 (s, 6H), 3.49 (s, 3H), 3.39 (d, J = 7.2 Hz, 2H), 1.79 

(s, 3H), 1.66 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 156.8, 155.8 (2C), 136.6, 131.3, 

131.0, 127.7, 127.6 (2C), 127.2, 122.7, 119.6, 116.4 (2C), 106.0 (2C), 94.5 (2C), 94.4, 

56.0 (3C), 25.8, 22.8, 17.8; HRMS (EI) m/z calcd for C25H32O6 (M)+ 428.2199, found 

428.2191.16 

 

Analogue 113.  To a solution of compound 112 (17 mg, 0.04 mmol) in MeOH (5 mL) 

was added TsOH (46 mg, 0.24 mmol).  After the solution was stirred for 24 h, the 

reaction was quenched with NaHCO3. The resulting mixture was extracted with EtOAc, 

dried (MgSO4), filtered, and concentrated in vacuo. Final purification by flash column 

chromatography (12% EtOAc in hexanes) provided stilbene 113 (12 mg, 100%) as a 

yellow oil. Both the 1H and 13C data matched those of the known compound.16,78,79 

 

Aldehyde 30.  To a stirred solution of alcohol 74 (208 mg, 0.7 mmol) in CH2Cl2 (12 mL) 

was added activated MnO2 (306 mg, 3.5 mmol).  After the mixture was allowed to stir for 

7 days, it was filtered and concentrated in vacuo.  Final purification by flash column 

chromatography (12% EtOAc in hexanes) provided aldehyde 30 (158 mg, 76%) as a pink 

oil.  The 1H NMR spectrum matched the known data.56 

 

Directed ortho metallation procedures:  The procedures described above in the 

preparation of compounds 61 or 7456 were followed with temperature variations as 

indicated in Table 12, Chapter 5. 

 

Silyl ether 128.  To a stirred solution of alcohol 47 (824 mg, 3.6 mmol)  in CH2Cl2 (35 

mL) at rt was added imidazole (1.23 g, 18.1 mmol) and TBSCl (713 mg, 4.7 mmol).  

After the reaction was allowed to stir for 18.5 h, it was quenched by addition of NH4Cl.  
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The resultant mixture was extracted with CH2Cl2, and the combined extracts were dried 

(MgSO4), filtered, and concentrated in vacuo.  Final purification by flash column 

chromatography (10% EtOAc in hexanes) afforded silyl ether 128 (1.12 g, 91%) as a pale 

yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.16 (d, J = 2.7 Hz, 1H), 7.11 (d, J = 8.1 Hz, 

1H), 6.92–6.90 (m, 1H), 5.22 (s, 2H), 5.21 (s, 2H), 4.67 (s, 2H), 3.51 (s, 6H), 0.94 (s, 

9H), 0.90 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 147.2, 146.1, 136.0, 119.9, 116.7, 114.9, 

95.6, 95.4, 64.5, 56.1, 56.0, 25.9 (3C), 18.3, –5.3 (2C); HRMS (ESI) m/z calcd for 

C17H30O5NaSi (M + Na)+ 365.1760, found 365.1768. 

 

Prenylated compounds 129 and 130.  To a solution of TMEDA (0.60 mL, 4.0 mmol) in 

Et2O (50 mL) at –35 °C was added n–BuLi (1.75 M solution in hexanes, 2.10 mL, 3.7 

mmol).  The solution was allowed to warm to –20 °C, and then a solution of silyl ether 

128 (1.06 g, 3.1 mmol) in Et2O (4 mL) was added to the reaction over 9 min.  After the 

reaction warmed to 0 °C over the course of an hour, it was cooled to –20 °C, and a 

solution of prenyl bromide (0.6 mL, 5.1 mmol) was added over 16 min.  After the 

reaction mixture stirred for 18 h while warming to rt, the reaction was quenched by 

addition of NH4Cl.  The resultant mixture was extracted with Et2O, and the combined 

organic layers were dried (MgSO4), filtered, and concentrated in vacuo.  Final 

purification by flash column chromatography (5% EtOAc in hexanes) followed by a 

second purification by flash column chromatography (2% Et OAc in hexanes) provided 

compound 129 (11 mg, 1%) as a yellow oil and compound 130 (34 mg, 3%) as a yellow 

oil:  For compound 129:  1H NMR (500 MHz, CDCl3) δ 6.98 (d, J = 1.8 Hz, 1H), 6.91 (d, 

J = 1.8 Hz, 1H), 5.30 (dt, J = 9.6 Hz, 1.1 Hz, 1H), 5.21 (s, 2H), 5.10 (dd, J = 7.6 Hz, 3.8 

Hz, 2H), 5.12–5.08 (m, 1H), 4.69 (s, 2H), 4.05 (dt, J = 8.9 Hz, 5.9 Hz, 1H), 3.64 (s, 3H), 

3.52 (s, 3H), 2.39–2.33 (m, 1H), 2.30–2.24 (m, 1H), 1.72 (s, 3H), 1.68 (s, 6H), 1.60 (s, 

3H), 0.97 (s, 9H), 0.12 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 149.7, 142.7, 140.0, 

137.5, 132.1, 131.9, 128.3, 122.8, 118.7, 111.5, 99.2, 95.2, 64.8, 57.4, 56.1, 37.3, 35.6, 
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25.9 (4C), 25.8, 18.4, 18.2, 17.9, –5.2 (2C); HRMS (ESI) m/z calcd for C27H46O5NaSi (M 

+ Na)+ 501.3012, found 501.3018.   

 

For compound 130:  1H NMR (500 MHz, CDCl3) δ 7.00 (d, J = 2.0 Hz, 1H), 6.84–6.83 

(m, 1H), 5.36–5.31 (m, 1H), 5.21 (s, 2H), 5.12 (s, 2H), 4.68 (s, 2H), 3.63 (s, 3H), 3.52 (s, 

3H), 3.44 (d, J = 7.2 Hz, 2H), 1.78 (s, 3H), 1.74 (s, 3H), 0.97 (s, 9H), 0.12 (s, 6H); 13C 

NMR (125 MHz, CDCl3) δ 149.6, 143.5, 137.5, 135.6, 132.6, 122.7, 120.4, 112.0, 99.1, 

95.2, 64.6, 57.4, 56.1, 28.5, 25.9 (3C), 25.7, 18.4, 17.8, –5.3 (2C); HRMS (ESI) m/z calcd 

for C22H38O5NaSi (M + Na)+ 433.2386, found 433.2385.   

 

Acetamide 137.  To a stirred solution of 3,5-dimethoxyaniline 136 (5.02 g, 32.7 mmol) 

in CH2Cl2 (100 mL) at 0 °C was added TEA (5.8 mL, 40.2 mmol), and then acetic 

anhydride (4.0 mL, 42.5 mmol) was added to the solution.  The reaction was allowed to 

stir for 24 h, and then was quenched by addition of H2O.  The resultant mixture was 

extracted with CH2Cl2, and the combined organics were washed with brine, dried 

(MgSO4), filtered, and concentrated in vacuo to make available acetamide 137 (5.83 g, 

91%) as a light brown solid.  The 1H NMR matched the known data.104 

 

Geranylated compound 138.  To a solution of acetamide 137 (5.59 g, 28.7 mmol) in 

dioxane (150 mL) was added BF3•OEt2 (2.8 mL, 22.7 mmol).  The mixture was heated to 

50 °C, and then geraniol (2.5 mL, 14.4 mmol) in dioxane (32 mL) was added drop wise 

over 1 h to the reaction.  The reaction was allowed to stir for 2 h at 50 °C before it was 

quenched by addition of H2O.  The resultant mixture was extracted with Et2O, and the 

combined organic extracts were dried (MgSO4), filtered, and concentrated in vacuo.  

Final purification by flash column chromatography (25% EtOAc in hexanes) provided 

geranylated compound 138 (1.77 g, 37%) as a white solid:  1H NMR (500 MHz, CD3OD) 

δ 6.47 (d, J = 2.4 Hz, 1H), 6.36 (d, J = 2.3 Hz, 1H), 5.01–4.94 (m, 2H), 3.72 (s, 3H), 3.69 
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(s, 3H), 3.19 (d, J = 7.0 Hz, 2H), 2.04 (s, 3H), 2.01–1.95 (m, 2H), 1.91–1.85 (m, 2H), 

1.66 (s, 3H), 1.56 (s, 3H), 1.50 (s, 3H); 13C NMR (125 MHz, CD3OD) δ 172.2, 160.1, 

160.0, 137.6, 135.6, 132.1, 125.4, 124.1, 119.1, 104.5, 98.0, 56.2, 55.8, 40.8, 27.7, 25.9, 

24.2, 23.2, 17.7, 16.3; HRMS (ESI) m/z calcd for C20H30NO3 (M + H)+ 332.2226, found 

332.2218. 

 

Ethyl amine 139.  To a solution of LiAlH4 (172 mg, 4.5 mmol) in THF (15 mL) at 0 °C 

was added compound 138 (500 mg, 1.5 mmol).  The reaction was allowed to stir for 18 h, 

and then it was quenched by addition of 1M HCl, and then slow addition of H2O.  The 

resultant mixture was extracted with EtOAc, and the combined organic layers were 

washed with brine, dried (MgSO4), filtered, and concentrated in vacuo.  Final purification 

by flash column chromatography (8% EtOAc in hexanes) delivered ethyl amine 139 (197 

mg, 41%) as a yellow oil:  1H NMR (500 MHz, CD3OD) δ 5.91 (d, J = 2.6 Hz, 1H), 5.84 

(d, J = 2.3 Hz, 1H), 5.01–4.98 (m, 1H), 4.95–4.92 (m, 1H), 3.67 (s, 6H), 3.15 (d, J = 7.0 

Hz, 2H), 3.01 (q, J = 7.2 Hz, 2H), 2.03–1.98 (m, 2H), 1.93–1.90 (m, 2H), 1.70 (s, 3H), 

1.57 (s, 3H), 1.50 (s, 3H), 1.14 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CD3OD) δ 

161.1, 159.3, 149.4, 136.2, 132.2, 125.2, 124.6, 107.5, 91.7, 89.0, 56.1, 55.5, 40.8, 39.7, 

27.7, 25.9, 23.0, 17.8, 16.2, 15.2; HRMS (ESI) m/z calcd for C20H32NO2 (M + H)+ 

318.2433, found 318.2433. 

 

Amine 140.  To a solution of acetamide 137 (110 mg, 0.3 mmol) in MeOH (0.6 mL) was 

added NaOH (3M solution in MeOH, 0.86 mL, 2.6 mmol), and then the reaction was 

heated to 50 °C.  After stirring for 8 d, the reaction was concentrated and then quenched 

by addition of H2O and diluted with CH2Cl2.  The resultant mixture was extracted with 

CH2Cl2, and the combined organics were dried (Na2SO4), filtered, and concentrated in 

vacuo.  Final purification by flash column chromatography (6% EtOAc in hexanes), and 

after a second purification by flash column chromatography (3% EtOAc in hexanes), 
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gave amine 140 (46 mg, 61% BRSM) as an orange–red solid:  1H NMR (500 MHz, 

CDCl3) δ 5.98 (d, J = 2.2 Hz, 1H), 5.90 (d, J = 2.2 Hz, 1H), 5.09–5.03 (m, 2H),  3.77 (s, 

3H), 3.75 (s, 3H), 3.67 (br s, 2H), 3.25 (d, J = 6.2 Hz, 2H), 2.10–2.03 (m, 2H), 2.03–1.97 

(m, 2H), 1.77 (s, 3H), 1.66 (s, 3H), 1.58 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 159.2, 

158.6, 146.5, 136.0, 131.4, 124.2, 122.7, 107.1, 93.5, 89.5, 55.6, 55.1, 39.6, 26.6, 25.7, 

22.4, 17.7, 16.0; HRMS (ESI) m/z calcd for C18H28NO2 (M + H)+ 290.2120, found 

290.2110. 

 

Dihydroxy compound 141.86  To a stirred solution of aluminum iodide (4.89 g, 11.9 

mmol) in toluene (30 mL) at 0 °C was added TBAI (38 mg, 0.1 mmol) and 

phloroglucinol (619 mg, 4.9 mmol) followed by addition of amide 137 (200 mg, 1.0 

mmol).  After 30 min the reaction was quenched by addition of saturated sodium 

thiosulfate.  The mixture was extracted with EtOAc, and the combined organics were 

washed with brine, dried (MgSO4), filtered, and concentrated in vacuo.  Final purification 

by flash column chromatography (80% EtOAc in hexanes) afforded compound 141 (118 

mg, 69%) as a white solid.  The 1H NMR spectrum matched the known data.86 

 

Geranylated compound 142.  To a stirred solution of amide 141 (551 mg, 3.3 mmol) in 

dioxane (150 mL) was added BF3•OEt2 (0.17 mL, 1.4 mmol).  The reaction mixture was 

heated to 50 °C and geraniol (0.25 mL, 1.4 mmol) in dioxane (10 mL) was added 

dropwise over 60 min.  After stirring for an additional 1.3 h, the reaction was quenched 

by addition of H2O.  The resulting mixture was extracted with Et2O.  Then the combined 

organics were washed with brine, dried (MgSO4), filtered, and concentrated in vacuo.  

Purification by flash column chromatography (30% EtOAc in hexanes) afforded 

geranylated product 142 (118 mg, 27%) as a yellow oil:  1H NMR (300 MHz, CD3OD) δ 

6.21 (d, J = 2.5 Hz, 1H), 6.07 (d, J = 2.4 Hz, 1H), 4.95–4.88 (m, 2H), 3.08 (d, J = 6.7 Hz, 

2H), 1.93–1.85 (m, 5H), 1.81–1.76 (m, 2H), 1.57 (s, 3H), 1.48 (s, 3H), 1.41 (s, 3H); 13C 
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NMR (125 MHz, CD3OD) δ 172.0, 157.5, 156.9, 137.8, 135.3, 132.2, 125.4, 124.6, 

116.2, 106.0, 101.9, 40.9, 27.8, 25.9, 24.2, 23.2, 17.7, 16.3; HRMS (ESI) m/z calcd for 

C18H26NO3 (M + H)+ 304.1913, found 304.1917. 

 

Amide 145.  To a stirred solution of amine 139 (46 mg, 0.07 mmol) in Et2O (1 mL) was 

added benzoyl chloride (144, 8 µL, 0.15 mmol).  After the reaction was allowed to stir 

for 17 h, the mixture was washed with 1M NaOH (x2), and then 1M HCl.  The combined 

organics were washed with brine, dried (Na2SO4), filtered, and concentrated in vacuo.  

Final purification by preparative TLC (15% EtOAc in hexanes) afforded amide 145 (32 

mg, 100% by NMR) as a yellow oil:  1H NMR (500 MHz, CDCl3) δ 7.31–7.29 (m, 2H), 

7.20 (t, J = 7.2 Hz, 1H), 7.12 (t, J = 7.5 Hz, 2H), 6.32 (d, J = 2.0 Hz, 1H), 6.05 (d, J = 2.0 

Hz, 1H), 5.07–5.04 (m, 1H), 5.00 (t, J = 6.2 Hz, 1H), 4.29 (dq, J = 14.2 Hz, 7.2 Hz, 1H), 

3.76 (s, 3H), 3.63 (s, 3H), 3.38 (dq, J = 14.1 Hz, 7.2 Hz, 1H), 3.22–1.99 (m, 2H), 2.06–

1.99 (m, 2H), 1.96–1.94 (m, 2H), 1.71 (s, 3H), 1.65 (s, 3H), 1.58 (s, 3H), 1.22 (t, J = 7.2 

Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 170.2, 159.4, 158.3, 142.5, 136.3, 135.4, 131.2, 

129.4, 128.1 (2C), 127.5 (2C), 124.3, 122.2, 120.2, 106.4, 97.9, 55.5, 55.4, 45.0, 39.7, 

26.6, 25.7, 24.6, 17.6, 16.2, 12.5; HRMS (ESI) m/z calcd for C27H35NO3Na (M + Na)+ 

444.2515, found 444.2522. 

 

Aldehyde 150.  To a stirred mixture of alcohol 61 (371 mg, 1.3 mmol) and celite (685 

mg) in DMF (4 mL) was added PDC (1.41 g, 3.8 mmol).  The reaction was stirred for 8 

d, and then it was diluted with CH2Cl2, filtered, and concentrated in vacuo.  The resulting 

material was diluted with Et2O and H2O was added.  The resultant mixture was extracted 

with Et2O, and the combined organics were dried (MgSO4), filtered, and concentrated in 

vacuo.  Final purification by flash column chromatography (35% EtOAc in hexanes) 

afforded compound 150 (36 mg, 39%) as a yellow oil:  1H NMR (500 MHz, CDCl3) δ 

9.90 (s, 1H), 7.69 (d, J = 1.5 Hz, 1H), 7.55 (d, J = 1.8 Hz, 1H), 7.01 (d, J = 16.1 Hz, 1H), 
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6.47 (d, J = 16.4 Hz, 1H), 5.26 (s, 2H), 5.23 (s, 2H), 3.60 (s, 3H), 3.51 (s, 3H), 1.45 (s, 

6H); 13C (125 MHz, CDCl3) δ 191.2, 150.5, 149.4, 140.6, 132.6, 132.5, 122.6, 120.3, 

114.6, 99.1, 95.1, 71.2, 57.8, 56.4, 29.9 (2C); HRMS (ESI) m/z calcd for C16H22O6
23Na 

(M + Na)+ 333.1314, found 333.1326. 

 

Aldehyde 151.  To a stirred solution of alcohol 61 (320 mg, 1.1 mmol) in CH2Cl2 (18 

mL) at room temperature was added MnO2 (469 mg, 5.4 mmol).  The reaction was 

allowed to stir for 18 h, and then the mixture was filtered, and the filtrate was 

concentrated in vacuo.  Final purification by flash column chromatography (8% EtOAc in 

hexanes) afforded aldehyde 151 (225 mg, 71%) as a yellow oil.  The 1H NMR spectrum 

matched known data56; 13C NMR (125 MHz, CDCl3) δ 191.3, 150.1, 136.7, 133.8, 132.5, 

125.9, 121.6, 113.9, 99.0, 95.1, 57.7, 56.5, 28.5, 25.8, 17.9; HRMS (ESI) m/z calcd for 

C16H22O5Na (M + Na)+ 317.1365, found 317.1384. 

 

Acid 149.92  To a solution of aldehyde 151 (40 mg, 0.1 mmol) in 2–methyl–2-butene (4.0 

mL, 37.8 mmol) and t–BuOH (1.2 mL) was added a solution of NaClO2 (129 mg, 1.4 

mmol) and NaH2PO4 (104 mg, 0.9 mmol) in H2O (0.5 mL) over 7 min.  After the reaction 

was allowed to stir for 4.5 h, the reaction was extracted with Et2O.  The combined 

organic layers were dried (Na2SO4), filtered, and concentrated in vacuo.  The material 

was moved forward without additional purification.  Analysis of the 1H NMR spectrum 

showed a 3.3 : 1 mixture of acid 149 : aldehyde 151 (or 41 mg of the acid (97%) in the 51 

mg mixture) as a light yellow solid from the reaction.  For the acid:  1H NMR (500 MHz, 

CDCl3) δ 7.72 (d, J = 2.2 Hz, 1H), 7.64 (d, J = 2.0 Hz, 1H), 5.33–5.29 (m, 1H), 5.24 (s, 

2H), 5.22 (s, 2H), 3.60 (s, 3H), 3.52 (s, 3H), 3.45 (d, J = 7.5 Hz, 2H), 1.76 (s, 3H), 1.73 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 171.3, 149.6, 149.3, 136.1, 133.4, 125.5, 121.8 

(2C), 115.7, 98.9, 95.2, 57.6, 56.4, 28.5, 25.7, 17.8; HRMS (ESI) m/z calcd for 

C16H22O6Na (M + Na)+ 333.1314, found 333.1320.   
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Acid 152.92  To a stirred solution of aldehyde 30 (43 mg, 0.1 mmol) in 2–methyl–2-

butene (4.2 mL, 39.7 mmol) and t–BuOH (1.2 mL) was added NaClO2 (137 mg, 1.5 

mmol) and NaH2PO4 (112 mg, 0.9 mmol) in H2O (0.5 mL) over 11 min.  The reaction 

was allowed to stir for 3.5 h, and then was extracted with Et2O.  The combined organic 

layers were dried (MgSO4), filtered, and concentrated in vacuo to afford acid 152 (54 mg, 

100% by NMR) as a white solid:  1H NMR (500 MHz, CDCl3) δ 7.81(d, J = 8.7 Hz, 1H), 

7.05 (d, J = 8.9 Hz, 1H), 5.26 (s, 2H), 5.18–5.15 (m, 1H), 5.10 (s, 2H), 3.89 (d, J = 6.4 

Hz, 2H), 3.62 (s, 3H), 3.51 (s, 3H), 1.77 (s, 3H), 1.67 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 172.3, 153.7, 144.9, 139.7, 131.7, 128.8, 123.2, 122.8, 112.5, 99.2, 94.6, 57.7, 

56.4, 26.2, 25.7, 18.1; HRMS (ESI) m/z calcd for C16H22O6Na (M + Na)+ 333.1314, 

found 333.1323.   

 

HOBt ester 154.87  a)  To a stirred solution of acid 152 (31 mg, 0.1 mmol) and N–ethyl–

N′–(3–dimethylaminopropyl)carbodiimide hydrochloride (EDC, 21 mg, 0.1 mmol) in 

CH2Cl2 (10 mL) was added HOBt (15 mg, 0.1 mmol).  The mixture was allowed to stir 

for 15 min, and then a solution of amine 140 (30 mg, 0.1 mmol) in triethylamine (20 µL, 

0.1 mmol) in CH2Cl2 (3 mL) was added dropwise over 8 min.  After 22 h of stirring, 

incomplete conversion to product was observed, and so an additional portion of EDC (22 

mg, 0.1 mmol) and triethylamine (20 µL, 0.1 mmol) was added.  The reaction was 

allowed to stir for an additional 5 h, and then was quenched by addition of H2O.  The 

resultant mixture was extracted with CH2Cl2, and the combined organic fractions were 

washed with brine, dried (MgSO4), filtered, and concentrated in vacuo.  Final purification 

by preparative TLC (20% EtOAc in hexanes) afforded HOBt ester 154 (20 mg, 47%) as a 

yellow oil.   
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HOBt ester 154.93  b)  To a stirred solution of acid 152 (18 mg, 0.06 mmol) and amine 

140 (22 mg, 0.07 mmol) in CH2Cl2 (2.0 mL) was added N,N′–dicyclohexylcarbodiimide 

(DCC, 20 mg, 0.10 mmol).  The reaction was cooled to 0 °C and a solution of HOBt (9 

mg, 0.07 mmol) in THF (0.87 mL) was added.  The reaction was allowed to warm to 

room temperature and stirred for 26 h, and then was concentrated in vacuo.  Final 

purification by preparative TLC (20% EtOAc in hexanes) provided HOBt ester 154 (8 

mg, 32%) as a yellow oil:  1H NMR (500 MHz, CDCl3) δ 8.12–8.09 (m, 2H), 7.56–7.53 

(m, 1H), 7.45–7.42 (m, 2H), 7.20 (d, J = 8.8 Hz, 1H), 5.33 (s, 2H), 5.16–5.13 (m, 1H), 

5.15 (s, 2H), 3.86 (d. J = 6.4 Hz, 2H), 3.63 (s, 3H), 3.54 (s, 3H), 1.68 (s, 3H), 1.66 (s, 

3H). 

 

Amide 155.88  To a stirred solution of acid 149 (41 mg, 0.13 mmol) in CH2Cl2 (0.7 mL) 

was added oxalyl chloride (12 µL, 0.14 mmol) and then DMF (2 drops).  The reaction 

was allowed to stir at rt for 2.5 h and was then concentrated in vacuo.  The acid chloride 

in CH2Cl2 (0.7 mL) was added over 3 min to a stirred solution of amine 140 (36 mg, 0.12 

mmol) in pyridine (0.7 mL) at 0 °C.  The reaction mixture stirred for 18 h and then 

concentrated in vacuo.  Final purification by flash column chromatography (8% EtOAc in 

hexanes) provided amide 155 (11 mg, 16%) as a golden oil:  1H NMR (500 MHz, CDCl3) 

δ 7.87 (br s, 1H), 7.51 (d, J = 2.3 Hz, 1H), 7.45–7.42 (m, 1H), 7.22 (d, J = 1.7 Hz, 1H), 

6.83 (d, J = 2.5 Hz, 1H), 5.28–5.25 (m, 1H), 5.22 (s, 2H), 5.18 (s, 2H), 5.13–5.11 (m, 

1H), 5.03–5.00 (m, 1H), 3.82 (s, 3H), 3.81 (s, 3H), 3.59 (s, 3H), 3.50 (s, 3H), 3.45 (d, J = 

6.9 Hz, 2H), 3.37 (d, J = 6.8 Hz, 2H), 1.74 (s, 3H), 1.72 (s, 3H), 1.66 (s, 3H), 1.61 (s, 

3H), 1.52 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 165.3, 158.9, 157.8, 149.8, 148.0, 

137.8, 137.4, 136.4, 133.2, 131.7, 131.2, 123.8, 122.1, 122.0, 121.4, 113.6, 99.0, 95.9, 

95.3, 57.6, 56.5, 55.8, 55.4, 39.5, 28.9, 26.6, 25.7, 25.6, 22.7, 17.9, 17.6, 16.5; HRMS 

(ESI) m/z calcd for C34H48NO7 (M + H)+ 582.3431, found 582.3438.   
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Figure A-1. 1H NMR spectrum of compound 37
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Figure A-2. 13C NMR spectrum of compound 37 
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Figure A-3. 1H NMR spectrum of compound 38 
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Figure A-4. 13C NMR spectrum of compound 38 
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Figure A-5. 1H NMR spectrum of compound 34
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Figure A-6. 13C NMR spectrum of compound 34 
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Figure A-7. 1H NMR spectrum of compound 45 
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Figure A-8. 13C NMR spectrum of compound 45
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Figure A-9. 1H NMR spectrum of compound 46 
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Figure A-10. 13C NMR spectrum of compound 46
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Figure A-11. 1H NMR spectrum of compound 53 
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Figure A-12. 13C NMR spectrum of compound 53 
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Figure A-13. 1H NMR spectrum of compound 54 
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Figure A-14. 13C NMR spectrum of compound 54 
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Figure A-15. 1H NMR spectrum of compound 55 
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Figure A-16. 13C NMR spectrum of compound 55 
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Figure A-17. 1H NMR spectrum of compound 56 

HO

OH

OH



 

 

150

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-18. 13C NMR spectrum of compound 56 
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Figure A-19. 1H NMR spectrum of compound 57 
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Figure A-20. 13C NMR spectrum of compound 57 
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Figure A-21. 1H NMR spectrum of compound 58 
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Figure A-22. 13C NMR spectrum of compound 58 
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Figure A-23. 1H NMR spectrum of compound 61 
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Figure A-24. 13C NMR spectrum of compound 61 
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Figure A-25. 1H NMR spectrum of compound 62 
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Figure A-26.  13C NMR spectrum of compound 62 
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Figure A-27. 1H NMR spectrum of compound 63 
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Figure A-28. 13C NMR spectrum of compound 63 
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Figure A-29. 1H NMR spectrum of compound 64 

Please note, it has been taken into account there is a 1:1 ratio of compound 64 to diethyl phosphate. 
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Figure A-30. 13C NMR spectrum of compound 64 
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Figure A-31. 1H NMR spectrum of compound 70 
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Figure A-32. 13C NMR spectrum of compound 70 
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Figure A-33. 1H NMR spectrum of compound 71 
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Figure A-34. 13C NMR spectrum of compound 71 
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Figure A-35. 1H NMR spectrum of compound 66 
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Figure A-36. 13C NMR spectrum of compound 66 
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Figure A-37. 1H NMR spectrum of compound 72 
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Figure A-38. 1H NMR spectrum of compound 73 
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Figure A-39. 1H NMR spectrum of compound 75 
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Figure A-40. 13C NMR spectrum of compound 75
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Figure A-41. 1H NMR spectrum of compound 78 
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Figure A-42. 13C NMR spectrum of compound 78 
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Figure A-43. 1H NMR spectrum of compound 79 
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Figure A-44. 13C NMR spectrum of compound 79 
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Figure A-45. 1H NMR spectrum of compound 80 
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Figure A-46. 13C NMR spectrum of compound 80
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Figure A-47. 1H NMR spectrum of compound 81 
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Figure A-48. 13C NMR spectrum of compound 81 
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Figure A-49. 1H NMR spectrum of compound  82 
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Figure A-50. 13C NMR spectrum of compound 82 
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Figure A-51. 1H NMR spectrum of compound 83 
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Figure A-52. 13C NMR spectrum of compound 83 
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Figure A-53. 1H NMR spectrum of compound 84 
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Figure A-54. 13C NMR spectrum of compound 84 
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Figure A-55. 1H NMR spectrum of compound 85 
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Figure A-56. 13C NMR spectrum of compound 85
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Figure A-57. 1H NMR spectrum of compound 86 
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Figure A-58. 13C NMR spectrum of compound 86 

Please note, the resonance at 29.7 ppm is indicative of silica oil. 
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Figure A-59. 1H NMR spectrum of compound 87 
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Figure A-60.  13C NMR spectrum of compound 87
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Figure A-61. 1H NMR spectrum of compound 88 
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Figure A-62. 13C NMR spectrum of compound 88 

Please note, the resonance at 29.7 ppm is indicative of silica oil. 
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Figure A-63. 1H NMR spectrum of compound 89
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Figure A-64. 13C NMR spectrum of compound 89
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Figure A-65. 1H NMR spectrum of compound 90
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Figure A-66. 13C NMR spectrum of compound 90

HO

HO
OCH3

OCH3



 

 

199

 

 

 

 

 

 

 

 

Figure A-67. 1H NMR spectrum of compound 91 
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Figure A-68. 13C NMR spectrum of compound 91 
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Figure A-69. 1H NMR spectrum of compound 94
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Figure A-70. 13C NMR spectrum of compound 94 
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Figure A-71. HSQC spectrum of compound 94 
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Figure A-72. HMBC spectrum of compound 94
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Figure A-73. 1H NMR spectrum of compound 95
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Figure A-74. 13C NMR spectrum of compound 95 
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 Figure A-75. HSQC spectrum of compound 95 



 

 

208 Figure A-76. HMBC spectrum of compound 95
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Figure A-77. 1H NMR spectrum of compound 93
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Figure A-78. 13C NMR spectrum of compound 93
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Figure A-79. 1H NMR spectrum of compound 109 
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Figure A-80. 13C NMR spectrum of compound 109 
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Figure A-81. 1H NMR spectrum of compound 112 
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Figure A-82. 13C NMR spectrum of compound 112 
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Figure A-83. 1H NMR spectrum of compound 128 
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Figure A-84. 13C NMR spectrum of compound 128 
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Figure A-85. 1H NMR spectrum of compound 129 
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Figure A-86. 13C NMR spectrum of compound 129 
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Figure A-87. 1H NMR spectrum of compound 130 
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Figure A-88. 13C NMR spectrum of compound 130 
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Figure A-89. 1H NMR spectrum of compound 138 

OCH3

OCH3

HN

O



 

 

222

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-90. 13C NMR spectrum of compound 138 
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Figure A-91. 1H NMR spectrum of compound 139 
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Figure A-92. 13C NMR spectrum of compound 139 
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Figure A-93. 1H NMR spectrum of compound 140 
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Figure A-94. 13C NMR spectrum of compound 140 
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Figure A-95. 1H NMR spectrum of compound 142 
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Figure A-96. 13C NMR spectrum of compound 142 
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Figure A-97. 1H NMR spectrum of compound 145 
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Figure A-98. 13C NMR spectrum of compound 145 
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Figure A-99. 1H NMR spectrum of compound 150 
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Figure A-100. 13C NMR spectrum of compound 150 
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Figure A-101. 1H NMR spectrum of compound 151 
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Figure A-102. 13C NMR spectrum of compound 151 

MOMO

CHOMOMO



 

 

235

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-103. 1H NMR spectrum of compound 149 

Please note, it has been taken into account there is a 3.3:1 ratio of compound 149 to aldehyde 151. 
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Figure A-104. 13C NMR spectrum of compound 149 
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Figure A-105. 1H NMR spectrum of compound 152 
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Figure A-106. 13C NMR spectrum of compound 152 
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Figure A-107. 1H NMR spectrum of compound 154 
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Figure A-108. 1H NMR spectrum of compound 155 
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Figure A-109. 13C NMR spectrum of compound 155 
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