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Abstract

As part of an ongoing drug development effort aimed at selective opioid receptor ligands based on
the pawhuskin natural products we have synthesized a small set of amide isosteres. These amides
were centered on lead compounds which are selective antagonists for the delta and kappa opioid
receptors. The amide isomers revealed here show dramatically different activity from the parent
stilbene compounds. Three of the isomers synthesized showed antagonist activity for the opioid
growth factor (OGF)/opioid growth factor receptor (OGFR) axis which is involved in cellular and
organ growth control. This cellular signaling mechanism is targeted by “low-dose” naltrexone
therapy which is being tested clinically for multiple sclerosis, Crohn’s disease, cancer, and wound
healing disorders. The compounds described here are the first selective small molecule ligands for
the OGF/OGFR system and will serve as important leads and probes for further study.
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1. Introduction

Opiates are some of the most well studied and highly used medicines in history.[1] The use
of morphine for pain control dates back centuries[2] and the development of more potent
opiates, both agonists[3] and antagonists,[4, 5] has been one of the great stories of modern
pharmacology and chemistry. It is not however without its downside, for the use of opiates
to ameliorate pain can lead to tolerance and addiction ending in severe substance use
disorder.[6] Since the middle of the 201" century it has been understood that subtle changes
in the structure of these compounds can lead to large differences in activity.[7-9] In the latter
half of the century the cloning and characterization of specific opioid receptors showed them
to be members of the 7-transmembrane domain G-protein coupled receptor family.[10-12]
This was followed recently by crystallization and determination of the structures of these
proteins by X-ray diffraction,[13-16] which in turn has led to a new era of drug design with
the aim of reducing or eliminating the unwanted effects.[17-23]

The four traditional opioid receptor subtypes are the mu (MOR), delta (DOR), kappa (KOR)
and nociceptin receptors (NOR).[24] The NOR is related to the others, but it does not
respond to the same ligands.[25, 26] The MOR is the subtype which has been traditionally
associated with the analgesic properties of the opioid ligands morphine and codeine, as well
as the other clinically used synthetic opioid agonists.[24] Functional studies of the KOR
have shown its importance to analgesia,[27] but also demonstrate that this receptor subtype
has significant additional roles, including mediating the dysphoria induced by stress
responses.[28]

Recently KOR antagonists have elicited some interest for the treatment of depression and
substance use disorder, particularly in the context of the conjunction between stress and
relapse to drug seeking and taking behaviors.[28-30] KOR agonism is thought to be of key
importance to the development of the cycle of substance abuse where the dysphoric effects
of this receptor encourage the further use of the substances to relieve negative feelings. This
was called the “dark-side” of addiction by Koob et al.[31, 32] and is operative in
amphetamine, alcohol, and narcotic abuse as evidenced by the ability of KOR antagonists to
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ameliorate the development of chronic dose escalation in models of addiction using such
agents.[33, 34]

Another opioid binding protein known as the opioid growth factor receptor (OGFR) has also
been of interest lately in the context of immune modulation, wound healing, and potential
for cancer treatment.[35] The OGFR is not a member of the 7-transmembrane G-protein
coupled receptor family and bears no structural homology to the other classic opioid
receptor subtypes.[36] The OGFR binds the natural ligand [Met®]-enkephalin, a ligand
which also has selectivity for the classical DOR.[36] The natural ligand agonist acts to
reduce growth of several human cancer cell lines /n vitroand in vivo, and the disruption of
signaling through OGFR causes increased growth.[37-39] The non-selective antagonist
naltrexone blocks signaling through the OGFR in another overlap in receptor pharmacology.
[40] Blockade of OGFR is being pursued as a therapeutic strategy for wound healing.[36,
41-44] Interestingly, short term blockade of the OGFR by low doses of naltrexone results in
upregulation of the OGFR signaling axis and causes a reduction in tumor growth.[45, 46]
This is being explored for the treatment of several cancers,[47-51] as well as other
diseases[52-56] and is termed “low-dose naltrexone therapy”.[57]

Our interest in opioid receptor modulators dates to the isolation of the natural product
pawhuskin A (1, Figure 1) from Dalea purpurea by Belofsky et al.[58] This prenylated
resveratrol analogue was shown to have opioid receptor binding activity by displacement of
radioactive naloxone from animal tissues. Because of a long running interest in the synthesis
and biology of prenylated stilbenes,[59, 60] we undertook the total synthesis and testing of
this compound and demonstrated that it is a selective KOR antagonist.[61, 62] Subsequently,
a medicinal chemistry program was established which has resulted in the synthesis of both
DOR (2)[63, 64] and KOR (3)[63, 64] selective antagonists that are analogues of the natural
product. These compounds are structurally unrelated to the classical opioids, and do not
have the basic nitrogen found in morphine and other clinically used compounds such as
meperidine, fentanyl or the antagonist naltrexone. Thus the pawhuskin core provides a
potential lead for the development of novel compounds which could have a different side
effect-profile from other structural classes under development.

Initial studies of the prenylated isomers 2 and 3 showed them to have very low water
solubility. It is our intention to test the hypothesis that a compound derived from this class
has effects in an animal model, and so it was desirable to design analogues with improved
solubility as a first goal for the drug development effort. Docking studies of the KOR
selective antagonist 3 indicated that key interactions could be with the free phenols of the
catechol substructure, with the prenyl and geranyl chains providing additional hydrophobic
interactions (Figure 2). This led to the hypothesis that the stilbene olefin would be buried
within the binding motif and would be amendable to changes with the goal of improving
drug-likeness.

As a first foray into trans-stilbene isosteric replacements the amides 4 and 5 (Figure 3) were
viewed as a natural starting point, with the isomeric pair 6 and 7 bearing the opposite amide
orientation also being reasonable targets. It is expected that these compounds will be more
hydrophilic. Calculated partition coefficients (CLogP) for the stilbenes 2 and 3 are 9.56 vs.
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7.04 for the amide isosteres, which should translate into increased water solubility. A study
of the amide isosteres of the related compound resveratrol as quinone reductase 2 inhibitors
showed that this substitution was tolerated in that model although the activity was slightly
reduced.[65]

2. Chemistry

At the outset of this effort, the more accessible amides appeared to be those derived from an
amine “right half” and a “left half” carboxylic acid. Geranyl-substituted benzaldehydes that
have been used to prepare other pawhuskin analogues[66] could serve as potential starting
materials for the desired amine. However, a more concise approach might be based on an
electrophilic aromatic substitution given that Friedel-Crafts acylation of the acetanilide 8 is
known to afford the ortho-substituted isomer,[67] as long as a parallel alkylation could be
conducted with an isoprenoid alcohol. Accordingly acetanilide 8 was prepared from
commercial 3,5-dimethoxyaniline and acetic anhydride.[68] The subsequent BF3-OEt,
mediated geranylation of compound 8 preserved the £-olefin stereochemistry, as determined
by the 13C NMR spectrum of the product,[69, 70] but gave a mixture of the ortho-and para-
substituted products. The desired product 9 was the major isomer, it was readily isolated by
flash chromatography, and the regiochemistry was easily identified by comparison to the
symmetrical para isomer. Standard basic hydrolysis of the amide 9 gave the necessary amine
10.

Preparation of the first amide then required a left half carboxylic acid, and compound 12 was
readily prepared via Pinnick oxidation of the known aldehyde 11.[61] Treatment of the
resulting carboxylic acid 12 with thionyl chloride followed by reaction with the amine 10
gave the desired amide 13, but the same amide was obtained in better yield via an EDC-
mediated condensation. Final hydrolysis of the two MOM protecting groups gave the
targeted amide 4.

The isomeric A-ring amide 5 was prepared via a parallel series of reactions. For this target,
oxidation of the known aldehyde 14[61, 71] gave the expected carboxylic acid 15 in good
conversion and modest isolated yield. Treatment of this carboxylic acid with thionyl chloride
followed by the amine 10 afforded the desired amide 16 but only in low yield (16%). The
EDC-mediated condensation of acid 15 with the amine 10 gave the amide 16 in better yield
(56%), and sufficient material was obtained to complete the reaction sequence. Final
hydrolysis of the MOM groups then gave the target amide 5.

Synthesis of the isomeric amides derived from a carboxylic acid right half and an amine left
half began with preparation of an appropriate carboxylic acid. In this case, regiocontrolled
introduction of the geranyl group could be achieved through the aryl bromide 17, which was
readily prepared by bromination of the corresponding methyl benzoate with NBS.[72, 73]
Although it may not be common, halogen-metal exchange in the presence of an ester group
is known,[74] and the presence of adjacent polar functionality can facilitate metalation.[75]
In this specific case, treatment of the aryl bromide 17 with 7BuLi and CuBr-DMS followed
by reaction with geranyl bromide gave the desired alkylation product 18 in good yield. A
final basic ester hydrolysis then gave the carboxylic acid 19.
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The carboxylic acids 12 and 15 were viewed as attractive starting materials for the aromatic
amines needed for the target amides, as long as decarboxylation could be achieved without
reaction at the isoprenoid olefin. Potential side reactions could include isomerization of the
olefin into conjugation with the aromatic ring and cyclization of the isoprenoid chain to an
ortho oxygen.[60, 76] Fortunately, treatment of the carboxylic acid 12 with diphenyl
phosphoryl azide followed by hydrolysis of the presumed intermediate gave the desired
amine 20. Once this amine was in hand, an EDC-mediated coupling with the acid 19 gave
the amide 21, and a final hydrolysis of the MOM groups gave the amide 6. In a parallel
series of reactions, the isomeric carboxylic acid 15 was converted to the amine 22, coupled
with the carboxylic acid 19 to give the amide 23, and then deprotected to afford the desired
target 7.

3. Biological Evaluation

We first tested compounds 4 and 5 for agonism and antagonism of the KOR, DOR, and
MOR using a GTPx S functional assay. Neither of these amides showed any activity in this
assay up to 10 uM concentrations indicating that they are not acting as traditional
antagonists or agonists (data not shown). It was apparent that the amides 6 and 7 were also
unlikely to show any agonist or antagonist activity at the traditional opioid receptors, but
they were tested for intrinsic agonist activity (Figure 4). As suspected, based on the very
similar compounds 4 and 5, neither amide 6 nor 7 showed any activity in recruitment of p-
arrestin, an assay of agonist activity at the MOR, DOR, or KOR.

The four amide isomers also were tested for activity at the OGFR. The COS-7 cell line was
chosen for this experiment because earlier work had shown that OGFR and OGF are
expressed in this line, while it fails to express the MOR, KOR, and DOR.[77] Activity at the
OGFR receptor might be expected because the stilbene 2 showed selective antagonist
activity at the DOR, and natural ligands for DOR and OGFR are closely related. In fact, in a
standard model of cell growth in the COS-7 cell line, the DOR-selective stilbene 2 shows
growth enhancement whereas the KOR selective ligand 3 does not (Figure 5). Likewise the
comparable amide 4, an isostere of compound 2, shows activity in this assay while the amide
5, which is structurally parallel to the KOR-selective stilbene 3, does not. Indeed the
structurally related stilbene 2 and amide 4 demonstrate activity as potent as naltrexone in
this assay.

The second pair of amide isomers, compounds 6 and 7, showed differential activity in terms
of COS-7 cell growth using an assay based on incorporation of 5-bromo-2’-deoxyuridine
(BrdU) into DNA. The BrDU assay was employed to demonstrate that cell growth
enhancement was due to DNA synthesis, and compound 2 was included as a positive control
for OGFR enhanced growth. In this assay, amide 7, which is an isostere of the KOR-
selective stilbene 3, showed increased cell growth (Figure 6). In contrast, amide 6, an
isostere of the DOR-selective stilbene 2, did not demonstrate significant cell growth
promotion. This finding suggests that ligand binding to the OGFR and DOR is not a simple
relationship.
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To assess further this pro-growth effect some of the compounds were tested in an additional
cell line model. The OGF-OGFR axis is active in all human cancer cell lines examined.[35]
A specific cell line that has received extensive testing in this regard is the human ovarian
cancer cell line SKOV-3. Treatment of SKOV-3 with numerous opioid agonists specific for
the MOR, DOR and KOR show that these ligands do not have growth effects in this cell line.
[78] Cell growth by OGF-OGFR signaling can be induced by knock-down of the OGFR.[77,
79] Treatment with naltrexone in the presence of OGFR siRNA shows no additional growth
enhancement in SKOV-3 cells indicating that the interaction with OGFR is the sole
mechanism of growth induction.[78]

Treatment of SKOV-3 cells with these new amides revealed that compounds 4, 6 and 7
resulted in significantly enhanced growth in this model (Figure 7, left panel) at 2 time points
in the logarithmic growth phase. Growth was only enhanced when cells were continuously
treated with compound. In “low-dose” naltrexone regimens, a small dose of naltrexone is
taken once a day leading to pulsed target engagement. Consistent with the effects of this
pulsed naltrexone on the OGFR, treatment of SKOV-3 cells with pulsed dose of 6 hours of
compound every other day led to significant decreases in cell growth with compounds 4, 6,
and 7. The decrease in cell growth is, presumably, the result of an adaptive response to short
duration target engagement leading to increased OGF and OGFR which when released leads
to increased signaling leading to reduced cellular growth.[47]

Finally, a dose response experiment was conducted with the two compound 6 and 7, to
further support that this is indeed a pharmacological effect. Treatment of SKOV-3 cells
under both pulsed and continuous conditions do show that these compounds have a tendency
to a dose response for both growth inhibitory and growth enhancing effects as would be
expected of selective OGFR antagonists (Figure 8). In this experiment compound 7 shows
significant activity at both 5 and 10 UM concentrations for the growth inhibition effects,
while the amide 6 only inhibits growth at 10 uM indicating that 7 is the more potent
compound of the two.

4. Conclusions

Here the first attempts to improve the “drug-likeness” of opioid receptor modulators derived
from the pawhuskin family of natural products is described. We sought to synthesize
analogues of our two lead structures, stilbenes 2 and 3, which demonstrate selectivity for the
DOR and KOR respectively, through synthesis of analogues containing an amide linkage in
place of the central stilbene connection. The synthesis of these compounds proved quite
efficient and gave all four of the isomers desired, which should facilitate the preparation of
additional analogues. Furthermore, the biological activity displayed by these compounds has
been very interesting. Our hypothesis, based on molecular docking studies, was that the
change to the amide substructure should not have large effects on the interactions of these
compounds with the traditional receptors. This turned out to be incorrect: there was no
activity of any of the amides (4-7) in any assays for agonism or antagonism at MOR, DOR,
or KOR.
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Because one of the endogenous ligands for the DOR is Met-enkephalin, also known as OGF,
and because some stilbenes have DOR activity, the new compounds were tested for their
effects at this receptor. Interestingly, three of the new amides, compounds 4, 6, and 7,
display significant activity in this regard. While compound 6 showed activities in the
SKOV-3 ovarian cancer assay of cell growth as potent as that of the other compounds it
failed to show activity in the COS-7 cells. This could reflect the difference in concentration
between the two assays. The dose response experiment as shown in Figure 8 provides some
evidence to support this view indicating that the compound 7 is slightly more potent than 6
in the 1 — 10 pM range.

These results demonstrate the first selective antagonists of OGFR. Naltrexone is somewhat
selective for DOR, and OGFR, but has significant effects at all the opioid receptors. This
could be a significant disadvantage for the use of naltrexone-based OGFR antagonism to
treat cancers where many patients are being treated for chronic pain. In such a setting
naltrexone could interfere with pain management. Naltrexone also can cause acute
gastrointestinal disturbances due to blockade of the MOR in the intestines, and it carries a
label warning contraindicating use in patients with liver function problems. For these
reasons, compounds 4, 6 and 7 can be used as leads to develop new drugs for the indications
currently being treated with “low-dose” naltrexone therapy, including multiple sclerosis,[80]
cancer,[81-83] and Crohn’s disease.[57] Further work on these lead compounds and OGFR
signaling will be reported in due course.

5. Experimental section

5.1 Chemical Synthesis

5.1.1 (E)-N-(2-(3,7-Dimethylocta-2,6-dienyl)-3,5 dimethoxyphenyl)acetamide (9)
—An oven-dried flask was charged with AX(3,5-dimethoxyphenyl)acetamide[68] (4.61 g,
23.6 mmol) in anhydrous dioxane (120 mL). To this solution was added BF3-OEt, (2.33 mL,
18.9 mmol) dropwise via syringe. The flask was heated to 50 °C and then geraniol (2.07 mL,
11.8 mmol) in dioxane (20 mL) was added over 1 hour using a syringe pump. After the
addition was complete, the flask was stirred at 50 °C overnight. The solution was then
washed with H,0O, the layers were separated, and the aqueous layer was extracted with
CH>Cl, (3x). The organic layers were combined, washed with brine and dried (NaySOy).
The mixture was filtered and the filtrate was concentrated /7 vacuo. Final purification of the
resulting oil via flash chromatography (40% EtOAc in hexanes) afforded amide 9, 1.60 g,
40%) as a white solid along with a smaller amount of the symmetrical para substituted
isomer. For 9: TH NMR (400 MHz, CDCls) & 7.32 (s, 1H), 7.27 (d, J= 1.9 Hz, 1H), 6.29 (d,
J=2.0 Hz, 1H), 5.07 (m, 2H), 3.79 (s, 3H), 3.78 (s, 3H), 3.33 (d, J= 6.7 Hz, 2H), 2.10 (s,
3H), 2.09 — 1.98 (m, 4H), 1.82 (s, 3H), 1.66 (s, 3H), 1.58 (s, 3H); 13C NMR (101 MHz,
CDCl3) & 168.2, 159.1, 157.9, 138.0, 136.6, 132.1, 123.9, 122.9, 112.0, 99.4, 95.8, 55.9,
55.5, 39.7, 26.7, 25.8, 24.7, 22.8, 17.8, 16.3; HRMS (ESI) m/z calcd for CygH3gNO3 (M +
H)* 332.2226, found 332.2212.

5.1.2 (E)-2-(3,7-Dimethylocta-2,6-dienyl)-3,5-dimethoxyaniline (10).—To a stirred
solution of amide 9 (400 mg, 1.21 mmol) in MeOH (5 mL) was added NaOH (386 mg, 9.66
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mmol). The flask was fitted with a reflux condenser and the solution was heated at reflux for
24 hours. After the mixture was diluted with EtOAc and washed with saturated aqueous
NH4CI, the layers were separated and the aqueous layer was extracted with EtOAc (3x). The
organic extracts were combined, washed with brine, and dried (NaSOg). The mixture was
filtered and the filtrate was concentrated /17 vacuo. Final purification using an ISCO
Combiflash Rf chromatography gradient (0 to 20% EtOAc in hexanes) afforded amine 10
(250 mg, 86%) as a beige solid: 1H NMR (400 MHz, CDCl3) & 5.98 (d, J= 2.1 Hz, 1H),
591 (d, /=2.2 Hz, 1H), 5.11 - 5.02 (m, 2H), 3.77 (s, 3H), 3.75 (s, 3H), 3.67 (s, 2H), 3.26
(d, J=5.8 Hz, 2H), 2.12 — 2.04 (m, 2H), 2.04 — 1.96 (m, 2H), 1.77 (s, 3H), 1.66 (s, 3H), 1.58
(s, 3H); 13C NMR (101 MHz, CDCls) 6 159.4, 158.8, 146.7, 136.2, 131.6, 124.4, 122.9,
107.2,93.7, 89.7, 55.8, 55.3, 39.8, 26.8, 25.9, 22.6, 17.8, 16.2. HRMS (ESI) m/z calcd for
C1gH2gNO, (M + H)* 290.2120, found 290.2101.

5.1.3 3,4-Bis(methoxymethoxy)-2-(3-methylbut-2-enyl)benzoic acid (12)—To a
stirred solution of the corresponding aldehyde[61] (43 mg, 0.1 mmol) in 2—methyl-2-butene
(4.2 mL, 39.7 mmol) and £BuOH (1.2 mL) was added NaCIlO, (137 mg, 1.5 mmol) and
NaH,PO, (112 mg, 0.9 mmol) in H,0 (0.5 mL) over 11 min.[84] The reaction was allowed
to stir for 3.5 h, and then was extracted with Et,O. The combined organic layers were dried
(MgSO0y,), filtered, and concentrated /n vacuo to afford acid 12 (54 mg, 100% by NMR) as a
white solid: H NMR (400 MHz, CDCl3) 6 7.81 (d, /= 8.8 Hz, 1H), 7.05 (d, J= 8.8 Hz,
1H), 5.26 (s, 2H), 5.19 — 5.13 (m, 1H), 5.10 (s, Hz, 2H), 3.89 (d, J= 7.2 Hz, 2H), 3.62 (s,
3H), 3.51 (s, 3H), 1.77 (s, 3H), 1.67 (d, J= 1.0 Hz, 3H). 13C NMR (101 MHz, CDCl5) &
172.6, 153.9, 145.0, 139.8, 131.9, 129.0, 123.4, 122.9, 112.7, 99.3, 94.8, 57.9, 56.6, 26.4,
25.9, 18.2.; HRMS (ESI) m/z calcd for C1gH2o0gNa (M + Na)* 333.1314, found 333.1323.

5.1.4 (E)-N-(2-(3,7-Dimethylocta-2,6-dienyl)-3,5-dimethoxyphenyl)-3,4-
bis(methoxymethoxy)-2-(3-methylbut-2-enyl)benzamide (13)—To a stirred
solution of the acid 12 (98 mg, 0.32 mmol) and the amine 10 (41 mg, 0.14 mmol) in
anhydrous CH,Cl, (1.5 mL) was added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, 121 mg, 0.632 mmol) and 4-(dimethylamino)pyridine (DMAP, 4 mg, 0.03 mmol).
The resulting solution was stirred at room temperature overnight and then washed with
saturated aqueous NH4CI. The layers were separated and the aqueous layer was extracted
with CH,Cl, (3x). The combined organic extracts were washed with brine and dried
(NayS0Oy4). The mixture was filtered and the filtrate was concentrated /n vacuo. Final
purification using an ISCO Combiflash Rf chromatography gradient (0 to 30% EtOAc in
hexanes) afforded amide 13 (55 mg, 67%) as a yellow oil: For 13: 1H NMR (400 MHz,
CDCl3) 6 7.60 (s, 1H), 7.47 (s, 1H), 7.10 (d, /= 8.3 Hz, 1H), 7.00 (d, /= 8.4 Hz, 1H), 6.31
(d, J=2.1 Hz, 1H), 5.24 - 5.18 (m, 3H), 5.12 (s, 2H), 5.06 — 4.98 (m, 2H), 3.83 (s, 3H), 3.80
(s, 3H), 3.67 (d, /= 6.6 Hz, 2H), 3.60 (s, 3H), 3.50 (s, 3H), 3.29 (d, /= 6.8 Hz, 2H), 1.98 -
1.91 (m, 2H), 1.91 - 1.83 (m, 2H), 1.64 (s, 3H), 1.62 (s, 6H), 1.55 (s, 3H), 1.41 (s, 3H); 13C
NMR (101 MHz, CDCl3) 6 167.7, 159.1, 157.9, 151.5, 145.3, 138.4, 137.2, 135.3, 132.4,
131.8,124.1,123.2,122.1, 113.4, 111.7, 99.4, 98.9, 95.8, 95.1, 57.8, 56.4, 55.9, 55.6, 39.8,
26.8, 26.2, 25.9, 25.8, 22.7, 18.2, 17.8, 15.9; HRMS (ESI) m/z calcd for C34HsgNO7 (M +
H)* 582.3431, found 582.3429.

Bioorg Med Chem. Author manuscript; available in PMC 2018 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stockdale et al.

Page 9

5.1.5 (E)-N-(2-(3,7-Dimethylocta-2,6-dienyl)-3,5-dimethoxyphenyl)-3,4-
dihydroxy-2-(3-methylbut-2-enyl)benzamide (4)—To a stirred solution of amide 13
(25 mg, 43 pmol) in MeOH (4.3 mL) was added p-TsOH-H,0 (31 mg, 0.16 mmol). The
flask was sealed and stirred overnight at room temperature. The solution was diluted with
EtOAc and then washed with saturated aqueous NaHCOj3. The layers were separated and the
aqueous layer was extracted with EtOAc (3x). The combined organic extracts were washed
with brine and dried (NaySO,). After the mixture was filtered and the filtrate was
concentrated /n vacuo, final purification using an ISCO Combiflash Rf chromatography
gradient (20 to 60% EtOAc in hexanes) afforded amide 4 (8 mg, 38%) as an off-white

solid: IH NMR (400 MHz, CDCl3) & 7.74 (s, 1H), 7.47 (s, 1H), 6.89 (d, J= 8.2 Hz, 1H),
6.73 (d, /=8.2 Hz, 1H), 6.32 (d, /= 2.3 Hz, 1H), 6.10 (s, 1H), 5.78 (s, 1H), 5.31 — 5.23 (m,
1H), 5.08 — 4.98 (m, 2H), 3.82 (s, 3H), 3.80 (s, 3H), 3.60 (d, /= 6.7 Hz, 2H), 3.31 (d, /= 6.7
Hz, 2H), 1.99 — 1.85 (m, 4H), 1.75 (s, 3H), 1.73 (s, 3H), 1.64 (s, 3H), 1.54 (s, 3H), 1.46 (s,
3H); 13C NMR (101 MHz, CDCls) 6 168.1, 159.2, 158.0, 146.5, 143.0, 138.4, 137.5, 135.7,
131.9, 1295, 126.7, 124.0, 122.1, 122.0, 119.9, 112.8, 111.8, 98.6, 95.8, 55.9, 55.6, 39.7,
26.8, 26.7, 25.9, 25.8, 22.8, 18.1, 17.8, 16.2; HRMS (ESI) m/z calcd for C3gH4oNO5 (M +
H)* 494.2906, found 494.2912, ; HRMS (ESI) m/z calcd for C3gH4oNO5 (M +

H)* 494.2906, found 494.2912.

5.1.6 3,4-Bis(methoxymethoxy)-5-(3-methylbut-2-enyl)benzaldehyde (14)—To a
stirred solution of the corresponding alcohol[61, 71] (368 mg, 1.24 mmol) and pyridine
(0.300 mL, 3.72 mmol) in CH,Cl, (4 mL) was added Dess-Martin periodinane (683 mg,
1.61 mmol). The resulting solution was stirred at room temperature for 1 hour and then
washed with 2M NaOH. The layers were separated and the aqueous layer was extracted with
CH,Cl, (3x). The organic extracts were combined, washed with brine, and dried (Nay;SO,).
After the mixture was filtered and the filtrate was concentrated /7 vacuo, final purification
using an ISCO Combiflash Rf chromatography gradient (0 to 40% EtOAc in hexanes)
afforded aldehyde 14 (315 mg, 86%) as a yellow solid:[85] 1H NMR (400 MHz, CDCls) &
9.86 (s, 1H), 7.52 (d, J=1.9 Hz, 1H), 7.39 (d, /= 1.9 Hz, 1H), 5.32 (m, 1H), 5.25 (s, 2H),
5.23 (s, 2H), 3.60 (s, 3H), 3.51 (s, 3H), 3.47 (d, J=7.3 Hz, 2H), 1.77 (s, 3H), 1.73 (s,

3H); 13C NMR (101 MHz, CDCl3) & 191.4, 150.3, 150.2, 136.9, 133.9, 132.7, 126.0, 121.7,
114.1,99.2, 95.2, 57.8, 56.6, 28.6, 25.9, 18.0; HRMS (TOF MS EI) m/z calcd for C15H2205
(M™) 294.1467, found 294.1472.

5.1.7 3,4-Bis(methoxymethoxy)-5-(3-methylbut-2-enyl)benzoic acid (15)—To a
stirred solution of aldehyde 14 (306 mg, 1.04 mmol) and 2-methyl-2-butene (2.20 mL, 20.8
mmol) in £BuOH (10.4 mL) was added NaH,PO4 (437 mg, 3.64 mmol) and NaClO, (564
mg, 6.24 mmol) in H,O (3.5 mL) via syringe. The solution was stirred vigorously at room
temperature for 3.5 hours and then washed with saturated aqueous NH4CI. The mixture was
extracted with EtOAc (3x) and the combined organic extracts were washed with brine and
dried (Nay;SQ4). The mixture was filtered and filtrate was concentrated /n vacuo. Final
purification using an ISCO Combiflash Rf chromatography gradient (10 to 30% EtOAc in
hexanes) afforded the carboxylic acid 15 (104 mg, 69%) as a white solid: *H NMR (400
MHz, CDCl3) & 7.72 (d, /= 2.0 Hz, 1H), 7.64 (d, J= 2.0 Hz, 1H), 5.31 (m, 1H), 5.24 (s,
2H), 5.22 (s, 2H), 3.60 (s, 3H), 3.52 (s, 3H), 3.45 (d, J= 7.2 Hz, 2H), 1.76 (d, J= 0.8 Hz,
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3H), 1.73 (s, 3H); 13C NMR (101 MHz, CDCl3)  171.7, 149.7, 149.3, 136.2, 133.5, 125.6,
124.9,121.9, 115.8, 99.0, 95.2, 57.6, 56.4, 28.6, 25.8, 17.9; HRMS (TOF MS EI) /m/z calcd
for C16H2,06Na (M + Na)* 333.1314, found 333.1309.

5.1.8 (E)-N-(2-(3,7-Dimethylocta-2,6-dienyl)-3,5-dimethoxyphenyl)-3,4-
bis(methoxymethoxy)-5-(3-methylbut-2-enyl)benzamide (16)—To a stirred
solution of the carboxylic acid 15 (18 mg, 58 umol) and amine 10 (20 mg, 70 pmol) in
anhydrous CH,Cl, (1 mL) was added EDC (33 mg, 0.17 mmol) and DMAP (1.5 mg, 12
umol). The solution was stirred at room temperature for 1.5 days and then washed with
saturated aqueous NH4CI. The layers were separated and the aqueous layer was extracted
with CH,Cl, (3x). The combined organic extracts were washed with brine, dried over
NaySQy, and filtered, and the filtrate was concentrated /7 vacuo. Final purification using an
ISCO Combiflash Rf chromatography gradient (0 to 80% EtOAc in hexanes) afforded 16
(18.8 mg, 56%) as a yellow oil: 1TH NMR (400 MHz, CDCl3) & 7.88 (s, 1H), 7.52 (d, /= 2.1
Hz, 1H), 7.44 (d, J= 1.8 Hz, 1H), 7.22 (d, J= 2.1 Hz, 1H), 6.33 (d, /= 2.4 Hz, 1H), 5.30 -
5.24 (m, 2H), 5.22 (s, 2H), 5.18 (s, 2H), 5.15 - 5.09 (m, 1H), 5.05 — 4.99 (m, 1H), 3.82 (s,
3H), 3.80 (s, 3H), 3.59 (s, 3H), 3.50 (s, 3H), 3.45 (d, J= 6.9 Hz, 2H), 3.37 (d, J= 6.3 Hz,
2H), 2.02 - 1.96 (m, 4H), 1.73 (d, /= 1.1 Hz, 3H), 1.72 (s, 3H), 1.66 (d, /= 0.9 Hz, 3H),
1.61 (s, 3H), 1.52 (s, 3H); 13C NMR (101 MHz, CDCl3) 6 165.4, 159.1, 158.0, 150.0, 148.1,
137.9, 137.5, 136.5, 133.3, 131.3, 124.0 (2C), 122.3, 122.1, 113.8, 112.7, 99.2 (2C), 96.1,
95.5,57.7, 56.6, 55.9, 55.6, 39.7, 29.0, 26.7, 25.8, 25.7, 22.8, 18.1, 17.8, 16.6; HRMS (TOF
MS ES+) my/z calculated for C34H4gNO7 (M+H)* 582.3431, found 582.3437.

5.1.9 (E)-N-(2-(3,7-Dimethylocta-2,6-dienyl)-3,5-dimethoxyphenyl)-3,4-
dihydroxy-5-(3-methylbut-2-enyl)benzamide (5)—To a stirred solution of amide 16
(24.6 mg, 42 pmol) in MeOH (4.2 mL) was added p-TsOH-H,0 (31 mg, 0.16 mmol). The
flask was sealed and stirred for 48 hours at room temperature. The solution was diluted with
EtOAc and then washed with saturated aqueous NaHCQOj3. The layers were separated and the
aqueous layer was extracted with EtOAc (3x). The combined organic extracts were washed
with brine and dried (Na,SO4). After the mixture was filtered and the filtrate was
concentrated /n vacuo, final purification using an ISCO Combiflash Rf chromatography
gradient (20 to 60% EtOAc in hexanes) afforded amide 5 (10.3 mg, 49%) as an off-white
solid: IH NMR (500 MHz, CDCl3) 6 8.04 (s, 1H), 7.82 (s, 1H), 7.64 (d, J= 1.6 Hz, 1H),
7.31 (s, 1H), 7.01 (s, 1H), 6.34 (d, J= 2.0 Hz, 1H), 6.01 (s, 1H), 5.27 (t, J= 6.5 Hz, 1H),
5.13 (t, /= 5.8 Hz, 1H), 5.08 — 4.99 (m, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.37 (d, J= 6.5 Hz,
4H), 2.04 (m, 4H), 1.74 (s, 6H), 1.67 (s, 3H), 1.62 (s, 3H), 1.53 (s, 3H); 13C NMR (126
MHz, CDCl3) 6 166.4, 159.1, 158.1, 146.6, 144.3, 137.9, 137.8, 134.2, 131.9, 127.6, 126.3,
124.1,122.3,121.8, 119.8, 113.6, 113.3, 99.6, 96.3, 56.0, 55.6, 39.7, 29.3, 26.7, 25.9, 25.7,
22.9,18.1, 17.8, 16.7; HRMS (ESI) m/z calcd for C3gHsgNOs5 (M + H)* 494.2906, found
494.2905.

5.1.10 Methyl 2-bromo-3,5-dimethoxybenzoate (17)—According to the published
procedures,[72, 73, 86] to a stirred solution of methyl 3,5-dimethoxybenzoate (2.0 g, 10
mmol) in CH3CN (100 mL) at 0 °C was added A-bromosuccinimide (2.0 g, 11.2 mmol).
After the addition was complete, the solution was allowed to equilibrate to room temperature
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and stirred for an additional 3.5 hours. The reaction was then quenched by the addition of
saturated aqueous NayS,03. A majority of the CH3CN was removed under reduced pressure
and then the mixture was washed with saturated aqueous NH,4CI. The mixture was extracted
with EtOAc (3x) and the combined organic extracts were washed with brine, dried
(NaySOy), and filtered. After the filtrate was concentrated /n vacuo, final purification via
flash chromatography (25% EtOAc in hexanes) afforded bromide 17 as a yellow solid (2.29
g, 82%): 1H NMR (400 MHz, CDCl5) & 6.80 (d, J= 2.8 Hz, 1H), 6.58 (d, /= 2.8 Hz, 1H),
3.93 (s, 3H), 3.89 (s, 3H), 3.82 (s, 3H).[86]

5.1.11 (E)-Methyl 2-(3,7-dimethylocta-2,6-dienyl)-3,5-dimethoxybenzoate (18)—
An oven-dried flask was charged with ester 17 (1.0 g, 3.64 mmol) in anhydrous THF (25
mL) at =78 °C under argon. To this solution was added /#BuL.i (2.5 M in hexanes, 1.6 mL,
4.00 mmol) dropwise via syringe. The solution was stirred at =78 °C for 15 minutes and
then CuBr-DMS (0.820 g, 4.00 mmol) was added. After this solution was stirred an
additional 15 minutes at =78 °C, geranyl bromide (0.870 g, 4.00 mmol) was added dropwise
via syringe. The solution was allowed to equilibrate to room temperature overnight and then
the reaction was quenched by the addition of saturated aqueous NH4ClI. The layers were
separated and the aqueous layer was extracted with EtOAc (3x). The organic extracts were
combined, washed with brine, and dried (Na;SO,). The mixture was filtered and the filtrate
was concentrated /77 vacuo. Final purification using an ISCO Combiflash Rf chromatography
gradient (0 to 20% EtOAc in hexanes) afforded ester 18 (847 mg, 70%) as a yellow oil: 1H
NMR (400 MHz, CDCls) 6 6.88 (d, /= 2.5 Hz, 1H), 6.60 (d, J= 2.5 Hz, 1H), 5.18 - 5.12
(m, 1H), 5.11 - 5.01 (m, 1H), 3.89 (s, 3H), 3.84 (s, 3H), 3.83 (s, 3H), 3.59 (d, J= 6.7 Hz,
2H), 2.10 - 2.03 (m, 2H), 2.02 — 1.94 (m, 2H), 1.75 (s, 3H), 1.67 (d, /= 1.0 Hz, 3H), 1.60 (s,
3H); 13C NMR (101 MHz, CDCl3) 6 168.9, 159.0, 158.3, 134.9, 132.1, 131.3, 124.6, 124 4,
123.5, 105.1, 102.3, 56.0, 55.6, 52.2, 39.9, 26.9, 25.8, 25.2, 17.8, 16.3; HRMS (TOF MS ES
+) m/z caled for CogH 80,4 (M + Na)* 355.1885, found 355.1888.

5.1.12 (E)-2-(3,7-Dimethylocta-2,6-dienyl)-3,5-dimethoxybenzoic acid (19)—To a
stirred solution of ester 18 (520 mg, 1.56 mmol) in CH,Cl5 (9 mL) and MeOH (1 mL) was
added NaOH (1.2 g, 30 mmol). The solution was stirred vigorously at room temperature
overnight and then diluted with saturated aqueous NH,4CI. The layers were separated and the
aqueous layer was extracted with CH,Cl, (3x). The combined organic extracts were washed
with brine, dried (Nay;SOy), and filtered, and the filtrate was concentrated /n vacuo. Final
purification using an ISCO Combiflash Rf chromatography gradient (20 to 40% EtOAc in
hexanes) afforded the carboxylic acid 19 (239 mg, 48%) as a white solid: *H NMR (400
MHz, CDCl3) & 7.05 (d, /= 2.5 Hz, 1H), 6.64 (d, J= 2.5 Hz, 1H), 5.19 - 5.12 (m, 1H), 5.08
—-5.02 (m, 1H), 3.83 (s, 3H), 3.82 (s, 3H), 3.68 (d, J= 6.7 Hz, 2H), 2.08 — 2.00 (m, 2H), 1.99
—-1.91 (m, 2H), 1.75 (d, J= 1.0 Hz, 3H), 1.63 (d, /= 0.9 Hz, 3H), 1.56 (s, 3H); 13C NMR
(101 MHz, CDCl3) 6§ 173.8, 159.1, 158.3, 135.0, 131.3, 130.5, 125.9, 124.6, 123.4, 105.8,
103.4, 56.0, 55.6, 40.0, 26.9, 25.8, 25.2, 17.8, 16.3; HRMS (TOF MS ES+) m/z calcd for
C19H2604Na (M + Na)* 341.1729, found 341.1732.

5.1.13 3,4-Bis(methoxymethoxy)-2-(3-methylbut-2-enyl)aniline (20)—An oven-
dried flask was charged with the carboxylic acid 12 (66 mg, 0.21 mmol) in anhydrous
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benzene. To this stirred solution was added triethylamine (0.300 mL, 2.13 mmol) followed
by the dropwise addition of diphenyl phosphoryl azide (0.460 mL, 2.13 mmol) via syringe.
The solution was stirred at room temperature for 15 minutes, and then the flask was fitted
with a reflux condenser and heated at reflux overnight. The benzene was removed under
reduced pressure and the residue was dissolved in THF (2.1 mL). To this solution was added
aqueous 4N LiOH (1.1 mL, 4.5 mmol) and the resulting mixture was stirred vigorously at
room temperature for 1 hour. The mixture was diluted with H,O and the layers were
separated. The aqueous layer was extracted with EtOAc (3x) and the combined organic
extracts were washed with brine and dried (Na,SO,). After the mixture was filtered and the
filtrate was concentrated /n vacuo, final purification using an ISCO Combiflash Rf
chromatography gradient (20 to 40% EtOAc in hexanes) afforded amine 20 (44 mg, 74%) as
a yellow oil: 1H NMR (400 MHz, CDCls) & 6.85 (d, J= 8.6 Hz, 1H), 6.39 (d, /= 8.6 Hz,
1H), 5.11 - 5.09 (m, 1H), 5.09 (s, 2H), 5.08 (s, 2H), 3.57 (s, 3H), 3.50 (s, 3H), 3.39 (d, J=
6.5 Hz, 2H), 1.80 (d, /= 0.8 Hz, 3H), 1.72 (d, J= 1.3 Hz, 3H); 13C NMR (101 MHz,
CDCl3) & 146.0, 142.7, 141.2, 133.4, 122.1, 121.5, 116.5, 111.3, 99.5, 96.5, 57.7, 56.2, 25.8,
24.5,18.1.; HRMS (TOF MS ES+) m/z calcd for C15H23NO,4 (M + H)* 282.1699, found
282.1705.

5.1.14 (E)-N-(3,4-Bis(methoxymethoxy)-2-(3-methylbut-2-enyl)phenyl)-2-(3,7-
dimethylocta-2,6-dienyl)-3,5-dimethoxybenzamide (21)—To a stirred solution of
amine 20 (34 mg, 0.12 mmol) and carboxylic acid 19 (42 mg, 0.13 mmol) in anhydrous
CH,Cl, (1 mL) was added EDC (69 mg, 0.36 mmol) and DMAP (3 mg, 24 umol). The
solution was stirred at room temperature overnight and then was washed with saturated
aqueous NH4CI. The layers were separated and the aqueous layer was extracted with
CH,Cl, (3x). The combined organic extracts were washed with brine, dried (Na;SOy4), and
filtered, and the filtrate was concentrated /n7 vacuo. Final purification using an ISCO
Combiflash Rf chromatography gradient (10 to 40% EtOAc in hexanes) afforded amide 21
(44 mg, 63%) as a yellow oil: 1TH NMR (400 MHz, CDCl5) & 7.80 (d, /= 8.9 Hz, 1H), 7.53
(s, 1H), 7.07 (d, /=9.0 Hz, 1H), 6.52 (s, 2H), 5.20 — 5.14 (m, 3H), 5.09 (s, 2H), 5.08 - 5.01
(m, 2H), 3.83 (s, 3H), 3.79 (s, 3H), 3.56 (s, 3H), 3.51 (s, 3H), 3.45 (d, /= 6.8 Hz, 2H), 3.41
(d, J=6.6 Hz, 2H), 2.02 — 1.96 (m, 2H), 1.95 — 1.87 (m, 2H), 1.63 (s, 3H), 1.59 (s, 6H), 1.55
(s, 3H), 1.37 (s, 3H); 13C NMR (101 MHz, CDCls) 6 168.0, 159.0, 158.9, 147.1, 145.0,
138.8, 135.4, 134.2, 131.8, 131.4, 126.7, 124.5, 123.3, 121.8, 120.9, 119.0, 114.9, 102.8,
100.2, 99.6, 95.6, 57.8, 56.4, 55.9, 55.6, 40.0, 27.0, 25.8, 25.7, 25.3, 24.8, 17.8, 17.6, 16.3;
HRMS (TOF MS ES+) m/z calcd for C34HzgNO7 (M + H)* 582.3431, found 582.3425.

5.1.15 (E)-N-(3,4-Dihydroxy-2-(3-methylbut-2-enyl)phenyl)-2-(3,7-
dimethylocta-2,6-dienyl)-3,5-dimethoxybenzamide (6)—To a stirred solution of
amide 21 (28 mg, 48 pmol) in MeOH (4.8 mL) was added p-TsOH-H,0 (35 mg, 0.18
mmol). The flask was sealed and stirred overnight at room temperature. The solution was
diluted with EtOAc and then washed with saturated aqueous NaHCOg3. The layers were
separated and the aqueous layer was extracted with EtOAc (3x). The combined organic
extracts were washed with brine, dried (Na,SOy,), and filtered, and the filtrate was
concentrated /n7 vacuo. Final purification using an ISCO Combiflash Rf chromatography
gradient (0 to 40% EtOAc in hexanes) afforded amide 6 (7 mg, 30%) as an off-white
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solid: IH NMR (400 MHz, CDCl3) 6 7.46 (s, 1H), 6.97 (d, /= 8.5 Hz, 1H), 6.64 (d, J= 2.4
Hz, 1H), 6.58 (d, /= 8.6 Hz, 1H), 6.56 (d, /=2.4 Hz, 1H), 5.17 (t, /= 6.1 Hz, 1H), 5.12 (t, J
=7.0 Hz, 1H), 5.03 (t, J= 6.7 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.50 (d, J= 6.7 Hz, 2H),
3.33 (d, /= 6.6 Hz, 2H), 2.02 — 1.96 (m, 2H), 1.96 — 1.90 (m, 2H), 1.63 (s, 6H), 1.63 (s, 3H),
1.55 (s, 3H), 1.54 (s, 3H); 13C NMR (101 MHz, CDCl3) 6 169.6, 159.1, 159.0, 143.1, 142.5,
137.8,136.1, 134.1, 131.5, 128.2, 124.4, 123.3, 122.3, 121.7, 121.0, 117.1, 113.5, 103.3,
100.7, 56.0, 55.7, 39.9, 29.9, 26.9, 25.8 (2C), 25.6, 24.8, 17.8, 16.4; HRMS (TOF MS ES+)
my/z caled for CoH4oNO5 (M + H)* 494.2906, found 494.2905.

5.1.16 3,4-Bis(methoxymethoxy)-5-(3-methylbut-2-enyl)aniline (22)—An oven-
dried flask was charged with carboxylic acid 15 (77 mg, 0.25 mmol) in anhydrous benzene
(25 mL). To this stirred solution was added triethylamine (0.345 mL, 2.50 mmol) followed
by the dropwise addition of diphenyl phosphoryl azide (0.536 mL, 2.50 mmol) via syringe.
The solution was stirred at room temperature for 15 minutes, and then the flask was fitted
with a reflux condenser and heated at reflux overnight. The benzene was removed under
reduced pressure and the residue was dissolved in THF (2 mL). To this solution was added
aqueous 4N LiOH (1.25 mL, 5.00 mmol) and the resulting mixture was stirred vigorously at
room temperature for 2 hours. The mixture was diluted with H,O and the layers were
separated. The aqueous layer was extracted with EtOAc (3x) and the organic extracts were
combined, washed with brine, and dried (Na,SO,). After the mixture was filtered and the
filtrate was concentrated /n vacuo, final purification using an ISCO Combiflash Rf
chromatography gradient (0 to 40% EtOAc in hexanes) afforded amine 22 (55 mg, 79%) as a
yellow oil: 1H NMR (400 MHz, CDCl3) & 6.38 (d, J= 2.7 Hz, 1H), 6.16 (d, /= 2.7 Hz, 1H),
5.31-5.24 (m, 1H), 5.14 (s, 2H), 4.99 (s, 2H), 3.59 (s, 3H), 3.49 (s, 3H), 3.32 (d, J=7.2
Hz, 2H), 1.74 (d, J= 1.1 Hz, 3H), 1.70 (s, 3H); 13C NMR (101 MHz, CDCls) 6 150.5,
143.0, 137.1, 136.7, 132.5, 122.8, 109.3, 101.7, 99.3, 95.1, 57.4, 56.1, 28.5, 25.8, 17.8;
HRMS (TOF MS ES+) m/zcalcd for C15H23NO,4 (M + H)* 282.1704, found 282.1705.

5.1.17 (E)-N-(3,4-Bis(methoxymethoxy)-5-(3-methylbut-2-enyl)phenyl)-2-(3,7-
dimethylocta-2,6-dienyl)-3,5-dimethoxybenzamide (23)—To a stirred solution of
amine 22 (43 mg, 0.15 mmol) and carboxylic acid 19 (58 mg, 0.18 mmol) in anhydrous
CH>Cl, (1 mL) was added EDC (88 mg, 0.36 mmol) and DMAP (4 mg, 31 umol). The
solution was stirred at room temperature overnight and then washed with saturated aqueous
NH4CI. The layers were separated and the aqueous layer was extracted with CH,Cl, (3x).
The combined organic extracts were washed with brine, dried (NaySOy), filtered, and the
filtrate was concentrated /n vacuo. Final purification using an ISCO Combiflash Rf
chromatography gradient (10 to 40% EtOAc in hexanes) afforded amide 23 (49 mg, 55%) as
a yellow oil: 1TH NMR (400 MHz, CDCls) & 7.47 (d, J= 2.5 Hz, 1H), 7.44 (s, 1H), 6.87 (d, J
= 2.5Hz, 1H), 6.65 (d, /= 2.4 Hz, 1H), 6.53 (d, /= 2.3 Hz, 1H), 5.31 - 5.25 (m, 1H), 5.22 —
5.17 (m, 3H), 5.09 — 5.03 (m, 3H), 3.83 (s, 3H), 3.80 (s, 3H), 3.59 (s, 3H), 3.51 (s, 3H), 3.44
(d, J=6.2 Hz, 3H), 3.40 (d, J= 7.1 Hz, 2H), 2.08-2.01 (m, 2H), 2.01 — 1.95 (m, 2H), 1.73 (s,
3H), 1.71 (s, 3H), 1.64 (s, 3H), 1.60 (s, 3H), 1.55 (s, 3H); 13C NMR (101 MHz, CDCl3) 6
167.7, 159.1, 158.9, 150.0, 141.5, 138.5, 136.5, 134.5, 133.1, 131.5, 124.4, 124.2, 123.4,
122.5,120.1, 114.2, 106.6, 103.3, 100.8, 99.3, 95.4, 57.6, 56.5, 55.9, 55.7, 39.7, 28.7, 28.2,
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26.8, 25.9, 25.8, 18.0, 17.8, 16.6; HRMS (TOF MS ES+) m/z calcd for Cg4HagNO7 (M +
H)* 582.3431, found 582.3431.

5.1.18 (E)-N-(3,4-Dihydroxy-2-(3-methylbut-2-enyl)phenyl)-2-(3,7-
dimethylocta-2,6-dienyl)-3,5-dimethoxybenzamide (7)—To a stirred solution of
amide 23 (17.4 mg, 30 umol) in MeOH (3 mL) was added p-TsOH-H,0 (22 mg, 0.11
mmol). The flask was sealed and stirred overnight at room temperature. The solution was
diluted with EtOAc and then washed with saturated aqueous NaHCOg3. The layers were
separated and the aqueous layer was extracted with EtOAc (3x). The combined organic
extracts were washed with brine, dried (Na;SOy), and filtered, and the filtrate was
concentrated in vacuo. Final purification using an ISCO Combiflash Rf chromatography
gradient (0 to 40% EtOAc in hexanes) afforded amide 7 (14.8 mg, 53%) as a yellow oil: 1H
NMR (400 MHz, CDCl3) & 8.14 (d, J= 2.4 Hz, 1H), 7.55 (s, 1H), 6.68 (d, /= 2.4 Hz, 1H),
6.58 (d, /=2.4 Hz, 1H), 6.17 (d, /= 2.4 Hz, 1H), 5.30 - 5.23 (m, 1H), 5.19 (t, /= 5.9 Hz,
1H), 5.06 (t, J= 6.7 Hz, 1H), 3.85 (s, 3H), 3.82 (s, 3H), 3.44 (d, /= 6.1 Hz, 2H), 3.30 (d, J=
7.1 Hz, 2H), 2.09 — 2.02 (m, 2H), 2.02 - 1.96 (m, 2H), 1.73 (s, 3H), 1.69 (s, 3H), 1.64 (s,
3H), 1.56 (s, 3H), 1.55 (s, 3H); 13C NMR (101 MHz, CDCls) 6 168.6, 159.2, 159.0, 144.3,
140.0, 138.0, 137.2, 133.4, 131.7, 130.1, 127.4, 124.3, 123.2, 122.2, 119.9, 111.3, 105.7,
103.3,101.1, 56.0, 55.7, 39.7, 28.3, 26.8, 26.0, 25.9, 25.8, 17.9, 17.8, 16.8; HRMS (ESI)
m/z calcd for CagH4oNO5 (M + H)* 494.2906, found 494.2906.

5.2 Biological assays

5.2.1 Cell Culture—Two cell lines were used in these studies SKOV3 COS-7 cells were
obtained from the American Type Culture Collection (Manassas, VA, USA). SKOV-3 cells
were grown in a humidified atmosphere of 5% C0O,95% air at 37°C in RPMI 1640
supplemented with 10% fetal calf serum and antibiotics (5000 units/mL penicillin, 5 pg/mL
streptomycin, and 10mg/mL neomycin) unless otherwise noted. COS-7 cells were grown in
under the same general conditions in DMEM.

5.2.2 Cell Growth—SKOV3 and COS-7 cells were plated at 20,000 cells/well in 24 well
plates and counted 24 hours later for time 0 to determine seeding efficiency. Cells were then
treated with Naltrexone (Tocris Biosciences, Bristol, United Kingdom), various different
combinations of compounds 2—7 or sterile water at 10~6 mol/L for 24 hours daily or 6 hours
every 48 hours. At the end of the 6 hours treatment, the media containing the drugs were
removed and replaced with fresh media containing no drugs. Media with and without drugs
were changed daily. At time points 0, 24, 48, 72, 96, and 120 hours of treatment, cells were
harvested with trypsin and counted with a hemacytometer.

5.2.3 B-Arrestin Assay—p-Arrestin express GPCR assay kits were obtained from
DiscoverX (Fremont, CA, USA) and protocol provided was followed. Briefly, cells
expressing MOR, DOR, or KOR were plated at 100pL per well in the provided 96well plate
in cell plating reagent. The cells were incubated in a humidified atmosphere of 5% CO,,
95% air at 37°C for 48 hours. Cells were then treated with 10uL of 11x of known agonist
(DADLE for DOR, Met5-Enkephalin for MOR, and Dynorphin A for KOR (Tocris
Biosciences, Bristol, United Kingdom)), compound 6, or 7 for 180 minutes at concentration
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starting at 5uM and decreasing at a 1:3 ratio titration and incubated in a humidified
atmosphere of 5% C0,95% air at 37°C. Working solution was added after the 180 minutes
and the plates were allowed to incubate at room temperature in the dark for 1 hour, then read
for chemiluminescent signal.

5.2.4 5-Bromo-2=-deoxyuridine incorporation study—To determine DNA synthesis,
5-bromo-2-deoxyuridine (BrdU) was utilized. COS-7 cells growing on 22-mm coverslips
were incubated compounds (naltrexone, 6 and 7) for 24 h. Fresh, complete DMEM medium
with 30 M BrdU (Sigma) was added to each culture for 3 h, and cells were stained according
to our prior procedures.[78] Cells were counterstained with DAPI (1 g/ml) and sealed onto
glass slides. At least 100 cells/treatment were counted in a masked fashion for each
experiment
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Figure 1.
Structures of Pawhuskin A (1) and related DOR and KOR selective antagonist analogues 2
and 3.
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1148

Figure 2.
Compound 3 docked into the KOR ligand binding site. H-bonds with protein are shown in

blue.
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Figure 3.
Structure of the amide compounds designed as stilbene isosteres.
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Figure 4.
Concentration response curves for B-arrestin recruitment assays of agonism in cells

transfected with the human MOR, DOR and KOR. Positive controls for each receptor are
shown as well.
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Figure 5.
Cell growth in COS-7 cells at 72 hours. Cells were treated with 1 UM concentration of the

indicated compounds. * p < 0.05, ** p <0.005
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Figure 6.
Cell growth for COS-7 cells at 72 hours. Cells were treated with 1 UM concentration of

compounds. Cell growth was assessed by incorporation of BrdU. * P < 0.05
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Treatment of SKOV-3 human derived ovarian cancer cells with compound 4, 6, and 7 at 10
UM concentration showed enhanced cell growth at 96, and 120 hour time points with 24
hour (constant) drug treatment (Left Panels), and reduced growth at the same time points
when the “low-dose naltrexone” regimen of pulsed therapy is used (Right Panels). Here the

“low-dose” therapy is achieved by pulsing drug on for 6 hours
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Figure 8.
Treatment of SKOV-3 human derived ovarian cancer cells with compounds 6 and 7 at four

concentration showed enhanced cell growth at the 120 hour time point with 24 hour
(constant) drug treatment ( Upper Panel), and reduced growth at the same time point when
the “low-dose naltrexone” regimen of pulsed therapy is used (Lower Panels).
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Scheme 1.
Synthesis of amides 4 and 5.
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Synthesis of compounds 6 and 7.
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