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Structure-Based Design of Potent Retinoid X Receptor a Agonists
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A series of tetrahydrobenzofuranyl and tetrahydrobenzothienyl propenoic acids that showed
potent agonist activity against RXRa were synthesized via a structure-based design approach.
Among the compounds studied, 46a,b showed not only very good potency against RXRa (K; =
6 nM) but was also found to be greater than 167-fold selective vs RARa (K; > 1000 nM). This
compound profiled out as a full agonist in a cell-based transient transfection assay (ECso = 3
nM). The two antipodes were separated via chiral chromatography, and 46b was found to be
40-fold more potent than 46a. Interestingly, cocrystallization of 46a,b with the RXRa protein
generated a liganded structure whereby the (S)-antipode was found in the binding pocket. Given
orally in db/db mice or ZDF rats, 46a,b showed a significant glucose-lowering effect and an
increase in liver mass. Triglycerides decreased significantly in db/db mice but increased in the
ZDF rats. A dose-dependent decrease of nonesterified free fatty acids was seen in ZDF rats
but not in db/db mice. These differences indicate a species specific effect of RXR agonists on

lipid metabolism.

Introduction

Retinoids, both natural and synthetic, are derivatives
of vitamin A. Retinoids have been recognized to induce
a broad spectrum of biological effects. They regulate a
wide variety of physiological processes including carbo-
hydrate and lipid metabolism and cell differentiation,
proliferation, and morphogenesis.! Retinoids interact
with members of the following protein families: retinoid
X receptors (RXRa, RXRfA, and RXRy), retinoic acid
receptors (RARa, RARp, and RARy), cytoplasmic ret-
inoic acid binding protein, retinol-binding protein, cy-
tochrome P450, and P-glycoprotein. RXR and RAR act
as ligand-activated transcription factors.

The natural ligands for RAR and RXR have been
identified as all-trans-retinoic acid (ATRA)? and 9-cis-
retinoic acid (9-cis-RA),3 respectively. Interestingly, both
ATRA and 9-cis-RA activate RAR; however, only 9-cis-
RA activates RXR.* The identification of the natural
ligands and the physiological significance of both recep-
tors have elicited the design of numerous synthetic
analogues against both receptors.®

The RXR receptors can either form homo- or hetereo-
dimers that bind to direct repeats called retinoid X
response elements (RXRE).6 Selective RXR agonists and
modulators have been identified.” It has been suggested
that selective activation of either the homo- or the
heterodimers may elicit quite different physiological
responses.® For example, hetero- and homodimer activa-
tion stimulates liver triglyceride synthesis, whereas
heterodimer activation, homodimer inactivation does
not stimulate liver triglyceride synthesis.® Recently, it
has been shown that compounds that activate the RXR:
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PPARy heterodimer can act as insulin sensitizers.’® The
RXR agonist LG100268 has been shown to cause less
weight gain than a PPARy agonist, and combination
treatment of both agonists was more efficacious at
lowering serum glucose than either agonist alone in db/
db mice.’1? Therefore, identification of selective RXR
agonists may offer an alternative approach for the
treatment of type 1l diabetes and obesity while improv-
ing the efficacy or attenuating the adverse events when
combined with PPARy agonists.!!

We report herein the discovery of a new class of RXRa
agonists that are selective vs other nuclear receptors
including RARa. These compounds were discovered via
the initial identification of weak screening hits, 1 and
2 (Figure 1). Utilization of the published RXRa apo
structure to create an “active” conformation!? in com-
bination with modeling, along with a limited number
of synthetic iterations from 1 and 2, provided the active
tetrahydrobenzofuranyl and tetrahydrobenzothienyl pro-
penoic acids. The X-ray crystallographic structure of the
RXRo:PPARy heterodimer!? was solved and later used
to assist in the understanding of the structure—activity
relationships that were observed. We have found that
these compounds not only have potent agonist activity
in vitro but also show antidiabetic activity in rodent
models of diabetes.

Chemistry

The chemistry to access the acyclic tetrahydrobenzo-
furanyl propenoic acids 6, 19, and 20 is outlined in
Schemes 1 and 2. Synthesis of the 2,5-substituted furan
was accomplished by first coupling the known boronic
acid 3'%2 with 5-bromo-2-furaldehyde generating alde-
hyde 4. Wittig reaction and hydrolysis then produced
the desired propenoic acid 6 (Scheme 1). The synthesis
into the 2,4- or 2,4,5-substituted furans was carried out
by initially treating the known bromide 75 under metal
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Figure 1. Screening hits.

halogen exchange conditions followed by reaction with
3-furaldehyde producing the benzylic alcohol 8. Depro-
tonation with t-BuLi and quenching with dimethylfor-
mamide (DMF) afforded aldehyde 13. A small amount
of the regioisomeric aldehyde was also seen. The alco-
hol was removed via trifluoroacetic acid (TFA) and
triethylsilane yielding furaldehyde 15. Wittig reac-
tion and hydrolysis afforded the desired furanyl prope-
noic acid 19. Propenoic acid 20 was obtained by starting
with 2-methyl-3-furancarboxylic acid. The Weinreb
amide was generated under O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HATU) coupling conditions giving 10. Reaction of 10
with the anion formed via metal halogen exchange of 7
as above produced ketone 11. Reduction of 11 with
NaBH, gave alcohol 12 that could be converted to the
desired acid 20 utilizing the same conditions as de-
scribed for acid 19 (Scheme 2).

The synthetic route to generate both the cyclic tet-
rahydrobenzofuranyl and the tetrahydrobenzothienyl
propenoic acids started with the commercially available
furanyl and thienyl ketones 21 and 22. Reaction of these
ketones with the known bromide 7 under metal halogen
conditions afforded alcohols 26 and 27. The alcohols
were then dehydroxylated utilizing NaBH, and BF3-
Et,0 in tetrahydrofuran (THF) or TFA and triethylsi-
lane, respectively, generating compounds 31 and 32.
Deprotonation with butyllithium followed by quenching
with DMF yielded aldehydes 36 and 37. The aldehydes
were then subjected to Horner—Emmons conditions
with triethylphosphonoacetate to generate unsaturated
esters 41a,b and 42. Hydrolysis afforded the desired
products 46a,b and 47 as racemic mixtures. This
synthetic sequence was also used to make the substi-
tuted tetramethyltetrahydronaphthalenes 48—50 start-
ing from the known bromotetramethyltetrahydronaph-
thalenes 23—25.1* The saturated acid 51 was generated
via the reduction of 47 under hydrogenation conditions
(Scheme 3).

The cis-methyl-substituted propenoic acid 54 was
synthesized from tetrahydrobenzofuran 31. Deprotona-
tion and quenching with N-methoxy-N-methylacetamide
gave methyl ketone 52 that could be converted to the
requisite acid by utilizing similar conditions as described
previously yielding 54. Replacement of the acid moiety
with the acidic thiazolidinedione residue was accom-
plished by treating aldehyde 36 with thiazolidinedione
under basic conditions affording the desired compound
56. The truncated acid 55 was generated by treating
aldehyde 36 with Ag,O in methanol (MeOH) (Scheme
4).

The corresponding benzofuranyl propenoic acid could
be made starting with alcohol 26. Treatment of this
alcohol under oxidative conditions [2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), 100 °C] yielded the
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benzofuran 57. Utilization of the conditions described
above produced the unsaturated acid 60 (Scheme 5).

A tetrahydrobenzoxazole ring system was also syn-
thesized as a replacement for the benzofuranyl and
benzothiophienyl ring systems (Scheme 6). The synthe-
sis started from the known ketooxazole 61.16 Metal
halogen exchange of bromide 7 followed by reaction with
oxazole 61 gave the corresponding alcohol 62. Dehy-
droxylation as before and benzylic bromination [N-
bromosuccinimide (NBS), 2,2'-azobisisobutyronitrile
(AIBN), 90 °C] afforded bromide 64. Attempted direct
oxidation of this bromide to the aldehyde gave very poor
yields or the benzoxazole. Therefore, the bromide was
reacted with potassium acetate, hydrolyzed, and oxi-
dized to give the desired aldehyde 67. Wittig reaction
followed by hydrolysis as before gave the desired
unsaturated acid 69.

A tetrahydropyridinyl propenoic acid was also syn-
thesized in an attempt to identify potent agonists that
may possess better solubility properties. The synthesis
started with the known ketone 707 that was reacted
under the same conditions as described in Scheme 3 to
afford alcohol 71. The alcohol was reduced as before
followed by LiAlH, reduction to produce N-methyl furan
73. Formylation (t-BuLi, DMF, —78 °C), Wittig reaction,
and hydrolysis yielded the desired propenoic acid 76
(Scheme 7).

Biological Evaluation

Three in vitro assays were utilized to evaluate RXRa
and RARa binding affinity and functional activity.
Details of the expression and purification of the RXRa
and RARa protein are reported in the Experimental
Section. Details of the assay development and data
analysis are similar to previously reported SPA assays
from our group.’® The functional profiles of selected
compounds were evaluated in a transient transfection
assay utilizing a monkey kidney cell line (CV-1) trans-
fected with expression vectors containing full length
hRXRo or GAL4 hRARa and a RXRa or a RARa
responsive reporter gene construct. C3H10T1/2 clone 8
fibroblasts were used to measure triglyceride accumula-
tion, a surrogate marker for lipogenesis and RXR
activity. Alkaline phosphatase (ALP) activity was mea-
sured in the same fibroblasts and was a surrogate
marker for altered RAR activity.1® Details of the func-
tional assays reported in the Experimental Section are
modified from those that we reported previously.!® Male
diabetic (db/db) mice and Zucker diabetic fatty (ZDF)
rats were examined via oral administration of vehicle
or 46a,b in vehicle to evaluate its efficacy. After 2 weeks
of oral dosing measurements of nonfasting glucose,
glycohemoglobin, triglyceride, nonesterified free fatty
acid, and aspartate aminotransferase levels were de-
termined. Details of these studies can be found in the
Experimental Section.

Results and Discussion

The chemistry effort that led to the discovery of the
novel tetrahydrobenzofuranyl and tetrahydrobenzothi-
enyl propenoic acids began with the two high through-
put screening hits 1 and 2 (Figure 1). A homology model
of an “active” conformation of the RXRa LBD (Figure
3) was generated since the available RXRa apo struc-
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turel? (1LBD) had adopted a previously unseen confor-
mation (see Experimental Section). Compound 6 was
prepared following up on screening hits 1 and 2.
Subsequent docking in the “active” model suggested that
the position of the acidic moiety and substituted aryl
residue needed to be in a 2,4-relationship rather than
the 2,5-position about the furan ring. Modeling also
indicated that the substituted aryl residue had not been
optimized in terms of its spatial position within the
binding pocket. Therefore, a methylene group was added
at the 4-position to allow for the correct conformation
along with the known tetramethyldihydronaphthalene
moiety® to fill the putative hydrophobic pocket. These
chemical modifications led to 19, a compound with a
RXRa affinity of 138 nM, a 54- and 11-fold increase over
the original screening hits 1 and 2, respectively. How-
ever, when this compound was tested in the functional
ALP assay, which is a surrogate marker for RAR
signaling,!® it had an ECsg of 57 nM. Interestingly,
compound 19 had a K; > 1 uM in the RAR binding assay.
The reason for this is unclear, although one possibility
is that 19 was metabolized by the cells to generate an
active RARa metabolite. It was hypothesized that the
conformational flexibility of compound 19 did not allow
the desired selectivity to be achieved. It was felt that if
constraints or biases could be built in such that the
compound was “L-shaped” rather than linear, like 19,

the desired selectivity could be achieved. Possible solu-
tions to test this hypothesis were to put substituents
at the 3-position on the tetramethyltetrahydronaphtha-
lene ring with or without a substituent at the 5-position
on the furan ring. Another solution was to tie back the
methylene spacer into a ring that was attached at the
5-position on the furan ring (Figure 2). The first
compound that was made to test this hypothesis was
acid 20. Synthesis of this compound produced one that
was now more selective than 19 (Table 1); however,
some RARa activity still remained in the functional
assay (ECspALP = 1000 nM). The synthesis of bicyclic
compound 46a,b (Scheme 3) provided a very potent
compound (K;j = 6 nM) with greater than 167-fold
selectivity vs RARa (Table 1). It was also found to be
inactive against PPARa,0,y in both the binding and the
transient transfection assays (data not shown). How-
ever, because of the newly generated stereogenic center,
46a,b was produced as a racemic mixture. The two
antipodes were separated at the ethyl ester intermedi-
ate 41a,b via chiral chromatography (see the Experi-
mental Section for the details) and tested in the RXRa
binding assay. There was a 40-fold potency difference
between the two antipodes (Table 1). Interestingly, the
predicted (S)-antipode was exclusively seen in the
binding pocket of the RXRa. receptor when cocrystallized
utilizing the racemic 46a,b (see below for more details
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pertaining to the X-ray structure). Docking studies
using the program MVP (see Experimental Section)
reveal that the (S)-antipode was much lower in energy
(better fit) than the (R)-antipode. The geometric strain
energy for the (S)-antipode was only 0.3 kcal in energy
above its global minimum whereas the (R)-antipode was
3.3 kcal higher in energy.

Alterations about the acid moiety yielded compounds
that were less potent than 46a,b (see compounds 55 and
56). The loss of activity of the truncated acid 55 was
especially dramatic. The methyl-substituted propenoic
acid 54 also lost some potency. Two alternate hetero-
cycles that were examined in place of the furan were
also synthesized. The thiophene 47 did retain potency,
albeit less than 46a,b. This reduction in potency could
be due to steric occlusions near the heteroatom with the
larger atom (sulfur) not fitting as well as oxygen.
Reduction of the olefin in 47 afforded saturated pro-
panoic acid 51. This compound was approximately 5-fold
less potent than 47, which presumably results from the
entropic cost of a more flexible compound.

An effort was undertaken to identify analogues of
46a,b that may profile out differently. It had already
been demonstrated in the literature that substitutions
at the 3-position on the tetramethyltetrahydronaphtha-
lene ring could modulate the RXR activity.”di8a There-

fore, compounds 48—50 were synthesized (Scheme 3).
The 3-methyl compound profiled out as a full agonist
in the lipogenesis assay, whereas compounds 49 and 50
profiled as partial agonists (Table 1). Although the
crystal structure of 46a,b has the 3-position pointed
away from the direction of helix 12 (AF-2), our predic-
tion would be that the tetramethyltetrahydronaphtha-
lene ring would flip so that the 3-position would now
be directed toward helix 12 for compounds 48—50. Steric
interaction with helix 12 is a well-known mechanism
of partial agonism and antagonism in nuclear receptor
modulators.”

Modifications were made to explore other parameters
in the series. In one example, benzofuran 60 was
synthesized as shown in Scheme 5. Removal of the
stereogenic center had a deleterious effect on binding,
functional activity, and selectivity as can be seen in
Table 1. Without the stereogenic center, 60 cannot adopt
to the shape of the receptor in a low energy conforma-
tion. The calculated energy for a docked conformation
of 60 using MVP is 3.3 kcal higher than the calculated
global minimum, whereas that of 46b is only 0.3 kcal.
This geometric strain difference, 3.0 kcal, is similar to
the difference between the stereoisomers of 46a,b, and
the affinities of 46a and 60 are also similar. The oxazole
69 (Scheme 6) lost potency vs 46a,b. This result was
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unexpected due to the small perturbation in the struc-
ture (nitrogen replacement for CH). Another modifica-
tion was to insert a basic nitrogen into the core. It was
felt that the nitrogen could serve two purposes: first,
reducing the lipophilicity of the compound; and second,
adding a point of attachment that could be used to
explore another region of the binding site. Ultimately,
compound 76 was synthesized (Scheme 7), and although
retaining reasonable potency (K;i = 79 nM) against
RXRa and selectivity vs RARa (K; > 1000 nM), it was

less potent than 46a,b. Subsequent analysis of the
RXRa crystal structure (see below) revealed a possible
explanation of why both 69 and 76 were less potent than
expected. The crystal structure was used to identify all
polar atoms of the binding site not involved in hydrogen
bonding. The result of the analysis is seen in Figure 5
where the surface of “free” polar atoms is colored in
yellow. Other than the acid binding residues, only C432
and H435 have a single polar atom that is available for
hydrogen bonding. Both 69 and 76 place polar atoms
in areas where the receptor is hydrophobic and thus
incur a desolvation penalty when binding.

In parallel with the synthetic work utilizing the
published RXRa apo structure, the X-ray crystallo-
graphic structure of the RXRa:PPARy heterodimer was
solved containing both receptor ligand binding domains
(LBDs) and their respective ligands [the (S)-antipode
of 46a,b {(S)-46a,b} and farglitazar?] as well as peptide
coactivators bond to each protein (Figure 4A).?! Both
activated LBDs adopt the familiar three layer a-helical
sandwich fold previously reported for many other ligand-
bound nuclear receptors.1322 The structure displays an
extensive helix—10 dimer interface, hydrophobic ligand
binding pockets, and coactivated AF2 regions that are
mostly consistent with our previously reported structure
of the RXRa:PPARYy heterodimer bound with 9-cis-RA,
farglitazar, and SRC-1 peptides.!® Absent or poor elec-
tron density prevented complete structure building for
residues 245—262, 444—448, and 457—462 in RXRa and
residues 250—279 and 461—464 for PPARy and regions
within each coactivator peptide.

The potent and selective rexinoid, (S)-46a,b, sits in
the distinctive L-shaped hydrophobic ligand binding
cavity and occupies a large portion of the available
space. Shaped by residues from H3, H4, H5, H7, H10,
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and the -turn, the cavity presents a sharp turn near
residue L436 (Figure 4B). Although a racemic mixture
of compound 46a,b was used during crystallization, the
(S)-antipode best fit the initial electron density. This
potent and selective rexinoid displays similar electro-

static and hydrophobic interactions as reported for the
potent and selective natural rexinoid, 9-cis-RA.132% The
carboxylate of (S)-46a,b hydrogen bonds with the side
chain of R316 and the backbone amide of A327 (Figure
4B—D). The new rexinoid makes a series of van der
Waals interactions as it traverses the hydrophobic lined
pocket. Similar to the triene group of 9-cis-RA, the
tetrahydrobenzofuran linkage between the carboxylate
and the tetramethyltetrahydronaphthalene of (S)-46a,b
lies proximal to Q275, A271, L309, L326, F313, 1268,
A272, L309, 1310, W305, L436, and M432 but is larger
and makes more interactions than the triene linkage
of 9-cis-RA. Much like the g-ionone of 9-cis-RA, the
bulky tetramethyltetrahydronaphthalene of (S)-46a,b
fits in a pocket that is formed by V265 and C269 in H3
and V342, 1345, F346, V349 in H7, C432, H435, and
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Figure 3. (A) Ribbon structures of apo RXRa (1LBD) in cyan,
RARy (2LBD) in yellow, and the resulting “active” RXRa LBD
model in white and orange. The orange color indicates the
sections of the RXRa that were remodeled using the RARy
structure as a template. Two angles are shown with the second
view rotated by 90°. (B) Binding site of RXRa “active” model
with (S)-46a,b docked using the same color scheme as in panel
A.

L436 in H10 (Figure 4B,C). The rigid geometry afforded
by the tetrahydrobenzofuran ring along with the added
bulk from the tetramethyltetrahydronaphthalene cer-
tainly contribute to the greater than 167-fold selectivity
of (S)-46a,b toward RXRa over RARa. Moreover, the
fixed geometry of (S)-46a,b prevents interconversion to
a less selective isomer.

We were also interested in evaluating the propenoic
acids in rodent models of type 2 diabetes mellitus. The
db/db mouse and ZDF rat are characterized by hyper-
glycemia, hyperlipidemia, and insulin resistance. Com-
pound 46a,b or vehicle (control) was given for 2 weeks
to db/db mice (10—100 mg/kg compound 46a,b) or ZDF
rats (3—30 mg/kg compound 46a,b). Values in Table 2

Haffner et al.

Table 1. In Vitro Potency, Selectivity, and Functional
Activities

RXRa RARa
ECso ECso ECso ECso
K2 TTP lipo® Kij TT ALP
(nM) (nM) (nM) (nM) (nM) (nM)
6 >1000 NDd ND# 93 ND ND
19 138 ND ND >1000 ND 57
20 158 106 1000 >1000 =>10000 1000
46a,b 6 3 <10 >1000 =>10000 >10000
46a 200 40 329 >1000 =>10000 =>10000
46b 5 5 4 >1000 =>10000 =>10000
47 40 20 72 >1000 =>10000 >10000
48 40 29 3000 >1000 =>10000 >10000
49 20 48 (p)f 123 (p)¢ >1000 >10000 =>10 000
50 100 137 (p) 40 (p) >1000 >10000 =>1000"
51 200 97 ND >1000 >10000 ND
54 63 60 10 >1000 =>10000 =>10000
55 >3000 =>10000 ND >1000 ND ND
56 20 4 5 >1000 >10000 >10000
60 90 97 660 >1000 790 2000
69 158 42 749 >1000 ND >10 000
76 79 70 22 >1000 ND >10 000

a K; values were determined for all compounds by competition
of 2.5 nM 9-cis-RA for both RXRa and RARa at a maximum
concentration of 10 uM. The calculation used to determine the K;
can be found in the Experimental Section.? TT = transient
transfection. The maximum concentration tested was 10 uM, and
the calculation used to determine the ECso can be found in the
Experimental Section. ¢ lipo = lipogenesis. 4 ND = not determined.
e Could not be determined due to RAR activity. f (p) = partial
agonist, which is defined for compounds that irrespective of how
high the concentration are unable to produce maximal activation.
9 (p) = partial agonist, which is defined for compounds stimulating
lipogenesis by <50% relative to 9-cis-RA. " This compound was
found to be an antagonist in this assay, and the reported value is
an |C50.

represent glucose and glycohemoglobin levels, surrogate
markers for overall glycemic control. Glucose and gly-
cohemoglobin levels decreased significantly (P < 0.05)
with an increasing dose of compound 46a,b in both
rodent species. Insulin levels also decreased signifi-
cantly (P < 0.05) in ZDF rats treated with 30 mg/kg
test compound (data not shown). This provides further
evidence that in vitro activity at RXR is a predictor of
in vivo antihyperglycemic activity.

An indication of lipid effects was determined by
measuring triglyceride and nonesterified free fatty acid
levels in db/db mice and ZDF rats (Table 3). Compound
46a,b increased nonesterified free fatty acid levels at 3
mg/kg and decreased nonesterified free fatty acid levels
at 10 and 30 mg/kg in ZDF rats but not db/db mice.
However, triglyceride levels decreased significantly in
db/db mice and increased in ZDF rats. These differences
indicate that there are species specific effects of com-
pound 46a,b on triglyceride and nonesterfied free fatty
acid levels. Likewise, other RXR agonists have been
shown to decrease triglyceride levels in micell® and
increase triglyceride levels in rats.?* One possibility is
that genetic factors may influence the efficacy and safety
of RXR ligands.

It has also been noted in the literature that one of
the possible adverse events associated with some RXR
agonists is hypothyroidism,2> although there have been
recent reports that antidiabetic efficacy can been achieved
in rodents without lowering T4 levels.”?d We also looked
at T4 levels in ZDF rats and found with 46a,b that the
T4 levels had been lowered in a dose-dependent manner.
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Figure 4. (A) Ribbon rendered illustration of the RXRa (cyan):PPARy (red) LBDs bound with coactivator peptides (magenta),
(S)-46a,b, and farglitazar (both ligands with space-filling atoms where green is carbon, red is oxygen, and blue is nitrogen),
respectively. (B) The 2Fo-Fc electron density map (blue) contoured at 1.0 o for (S)-46a,b bound to RXRa (carbons are shown in
green). (C) 2D representation of interactions between (S)-46a,b and RXRa. Some key residues involved in hydrogen bonds and
hydrophobic interactions are indicated in blue and white text, respectively. (D) Superimposition of (S)-46a,b (green carbon atoms)
and 9-cis-RA bound to the RXRa ligand binding pocket from the RXRa:PPARy heterodimer structure. The new rexinoid, (S)-
46a,b, occupies a volume similar to and superimposes very well with RXRa bound 9-cis-RA.

Figure 5. Surface of the RXRa binding site colored by
polarity. The surface from unoccupied polar atoms is colored
in yellow, and all other surface colored in white represent
hydrophobic area. Two different angles are shown with the
second rotated by 90° from the first.

However, this lowering of T4 levels was not seen in db/
db mice (data not shown).

Table 2. In Vivo Antihyperglycemic Activity of 46a,b in db/db
Mice and ZDF Rats

glucose (mg/dL) % glycosylated hemoglobin
db/db ZDF db/db ZDF

vehicle 583+32 425+25 11.17+23 10.32 +0.51

3 mg/kg ND 147 + 172 ND 7.75 + 0.552
10 mg/kg 346 4+ 332 129 4+13* 9.41+1.77 7.44 +0.242
30mg/kg 309 +29& 118 + 52 8.84 £0.882 7.04 £ 0.692

100 mg/kg 233 +£192 ND 8.51 + 1.162 ND
a P < 0.05, comparing control (vehicle) and treated groups.

Table 3. In Vivo Lipid Effects of 46a,b in db/db Mice and
ZDF Rats

nonesterified free
triglyceride (mg/dL) fatty acid (mequiv/L)

db/db ZDF db/db ZDF

vehicle 160 £18 1020 +£135 0.47 +0.04 0.63 +0.04
3 mg/kg ND 2462 £1962 ND 0.8 +£0.082
10 mg/kg 914+82 2199 +118* 0.45+0.03 0.49 £ 0.052
30 mg/kg 83 +5.22 1353 £167 0.56 +£0.04 0.38 4+ 0.052
100 mg/kg 62 £+ 62 ND 0.4+0.02 ND

a P < 0.05, comparing control (vehicle) and treated groups.

Values in Table 4 represent the effect of treatment
on liver weight and aspartate aminotransferase, a
surrogate marker for liver toxicity. A significant dose-
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Table 4. In Vivo Liver Effect of 46a,b in db/db Mice and ZDF
Rats

aspartate
aminotransferase (U/L) liver % of body weight
db/db ZDF db/db ZDF
vehicle 210+71 101+19 5.24+0.069 5.09+0.14
3 mg/kg ND 98 + 10 ND 5.74 + 0.272
10 mg/lkg 137 +37 108+9  8.23 +£0.378* 6.56 + 0.162
30mg/kg 116 £23 136+ 72 8.58 +£0.295* 7.06 + 0.182

100 mg/kg 158 + 31 ND 9.33+0.333* ND
apP < 0.05, comparing control (vehicle) and treated groups.

dependent increase in liver weight was observed in both
species whereas aspartate aminotransferase increased
(35%) only in ZDF rats treated with 30 mg/kg compound
46a,b. These observations suggest that RXR agonists
may affect metabolism by altering hepatocyte growth
and gene expression. This is consistent with results
showing that RXR agonists increase expression of lauric
acid hydroxylaseb and fatty acid synthase® in hepato-
cytes in vivo and in vitro, respectively. RXR agonists
have also been shown to stimulate triglyceride synthesis
in human hepatoma cells® by increasing apo C-llI
expression.26

Conclusion

In conclusion, we have described a structure-based
design approach into novel RXRa agonists. The utiliza-
tion of the published RXRa apo structure along with
modeling created an “active” structure that led to our
intial lead 19. Further modifications via refined docking
quickly led to 46a,b. A liganded crystal structure with
46a,b was solved whereby only the (S)-antipode was
found in the binding pocket. The strain energy for the
(S)-antipode was calculated to be 3.0 kcal lower than
the (R)-antipode. Binding of the separated antipodes
showed a 40-fold difference in potency as well. Ad-
ditional analogues within this bicyclic series did show
in vitro activity including compounds that profiled as
partial agonists. Oral administration of compound 46a,b
significantly decreased glucose and glycohemoglobin in
both db/db mice and ZDF rats. Although disparate
effects were observed on lipid metabolism in db/db mice
and ZDF rats, stimulation of hepatomegaly revealed
that liver was a target organ for 46a,b in both species.
A combination of an “active” model along with liganded
crystal structures (additional liganded structures were
solved, but the data were not shown) led to novel
tetrahydrobenzofuranyl and tetrahydrobenzothienyl pro-
penoic acids as RXRa activators that show potential as
novel antidiabetic agents.

Experimental Section

Melting points were determined with a Thomas-Hoover
apparatus and are uncorrected. All commercial chemicals and
solvents were reagent grade and were used without further
purification unless otherwise specified. The following solvents
and reagents have been abbreviated: THF, diethyl ether
(Et20), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc),
dichloromethane (CH.Cl;), TFA, DMF, MeOH, dimethoxy-
ethane (DME), HATU, DDQ, AIBN, N-methylmorpholine-N-
oxide (NMO), ethylenediaminetetraacetic acid (EDTA), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), dithio-
threitol (DTT), isopropyl 5-b-1-thiogalactopyranoside (IPTG).
All reactions except those in aqueous media were carried out
with the use of standard techniques for the exclusion of
moisture. Reactions were monitored by thin-layer chromatog-

Haffner et al.

raphy (TLC) on 0.25 mm silica gel plates (60F-254, E. Merck)
and visualized with UV light, cerium molybdate, or 5%
phosphomolybdic acid in 95% ethanol.

Final compounds were typically purified either by flash
chromatography on silica gel (E. Merck 40—63 mm), radial
chromatography on a Chromatotron using prepared silica gel
plates, or on Biotage Horizon pump and fraction collection
system utilizing prepacked silica gel columns. Analytical purity
was assessed by reversed phase high-performance liquid
chromatography (RP-HPLC) using an Agilent 1100 system
equipped with a diode array spectrometer (1 range 190—400
nm). The stationary phase was a Keystone Scientific BDS
Hypersil C-18 column (5 um, 4.6 mm x 200 mm). The mobile
phase employed 0.1% aqueous TFA with acetonitrile as the
organic modifier and a flow rate of 1.0 mL/min. Analytical data
are reported as retention time (tg) in minutes and % purity.

IH NMR spectra were recorded on either a Varian VXR-
300, a Varian Unity-400, or a Varian Unity-300 instrument.
Chemical shifts are reported in parts per million (ppm, o
units). Coupling constants are reported in units of hertz (Hz).
Splitting patterns are designated as s, singlet; d, doublet; t,
triplet; g, quartet; m, multiplet; or br, broad. Low-resolution
mass spectra (MS) were recorded on JEOL JMS-AX505HA,
JEOL SX-102, or SCIEX-APIiii spectrometers. High-resolution
MS were recorded on a Waters (Micromass) LCT time-of-flight
mass spectrometer. Mass spectra were obtained under elec-
trospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), or fast atom bombardment (FAB) methods.
Combustion analyses were performed by Atlantic Microlabs,
Inc. (Norcross, GA).

5-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-
2-yl)-2-furaldehyde (4). A toluene solution (20 mL) contain-
ing 342 (690 mg, 2.98 mmol), dppf-PdCl,-CH,CI; (16 mg), and
5-bromo-2-furaldehyde (520 mg, 2.98 mmol) had 5 mL of EtOH
and 3 mL of 2.0 M Na,COs3 added to it. The solution was then
immersed in an oil bath that had been preheated to 80 °C.
After 6.5 h, the dark solution was dissolved in EtOAc and
washed with saturated NaHCO; (2x). After it was dried over
MgSO,, the solvent was removed in vacuo and the residual
oil was purified on the Biotage (10—30% EtOAc/hexanes)
producing 681 mg (2.42 mmol, 81% yield) of 4 as a white solid.
1H NMR (CDCl3): 400 MHz ¢ 9.63 (s, 1H), 7.74 (d, 1H, J =
1.6 Hz), 7.55 (dd, 1H,J=8.2 and 1.7 Hz), 7.37 (d, 1H, 3 = 8.2
Hz), 7.30 (d, 1H, J = 3.6 Hz), 6.78 (d, 1H, J = 3.7 Hz), 1.70 (s,
4H), 1.33 (s, 6H), 1.29 (s, 6H). Low-resolution MS (AP*) m/e
283 (MH™).

Ethyl (2E)-3-[5-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahy-
dronaphthalen-2-yl)-2-furyl]prop-2-enoate (5). To a DME
solution (10 mL) containing sodium hydride (144 mg, 3.59
mmol, 60% dispersion in mineral oil) was added trieth-
ylphosphonoacetate (805 mg, 3.59 mmol) at room temperature.
After 5 min, 4 (675 mg, 2.40 mmol) in 10 mL of DME was
added. After the mixture was stirred for 15 min, the reaction
was gquenched with H,O and poured into additional H,0, and
the organics were extracted with EtOAc. After it was dried
over MgSO,, the solvent was removed in vacuo and the
residual oil was purified on the Biotage (5—20% EtOAc/
hexanes) yielding 755 mg (2.14 mmol, 89% yield) of 5. *H NMR
(CDCl3): 400 MHz ¢ 7.64 (d, 1H, J = 1.7 Hz), 7.47—-7.41 (m,
2H), 7.33 (d, 1H, J = 8.2 Hz), 6.66—6.65 (m, 2H), 6.37 (d, 1H,
J =15.7 Hz), 4.26 (g, 2H, J = 7.1 Hz), 1.70 (s, 4H), 1.35—0.88
(m, 15H). Low-resolution MS (ES*) m/e 353 (MH™).

(2E)-3-[5-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)-2-furyl]pro-2-enoic Acid (6). A dioxane (10
mL)/H,O (3 mL) solution containing 5 (813 mg, 2.31 mmol)
and lithium hydroxide hydrate (970 mg, 23.1 mmol) was
stirred at room temperature overnight at which time it was
acidified with saturated NaHSO,. The organics were extracted
with EtOAc and dried (MgSQ,), and the solvent was removed
in vacuo. The residual solid was purified on the Biotage (50—
80% EtOAc/hexanes) affording 53 mg (1.67 mmol, 72% yield)
of 6 as a yellow solid. *H NMR (CDCls): 400 MHz 6 7.66 (d,
1H, 3 =1.6 Hz), 7.53 (d, 1H, J = 15.4 Hz), 7.47 (dd, 1H, J =
8.3 and 1.8 Hz), 7.34 (d, 1H, J = 8.3 Hz), 6.74 (d, 1H, 3 = 3.7
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Hz), 6.69 (d, 1H, J = 3.6 Hz), 6.38 (d, 1H, J = 15.3 Hz), 1.70
(s, 4H), 1.34 (s, 6H), 1.29 (s, 6H). HRMS: C31H2403 requires
M + H at m/z 325.1804; found, 325.1813. RP-HPLC, tr = 3.14
min, 98.6% purity.

3-Furyl(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtha-
len-2-yl)methanol (8). A flame-dried round bottom flask was
mixed with anhydrous THF (100 mL) and 6-bromo-1,1,4,4-
tetramethyl-1,2,3,4-tetrahydronaphthalene 75 (5.0 g, 18.7
mmol). The resulting solution was cooled to —70 °C and was
mixed with 2.5 M n-butyllithium in hexanes (9.0 mL, 22.4
mmol). The resulting solution was mixed with 3-furaldehyde
(2.1 g, 22.4 mmol) and allowed to stir at —70 °C to 0 °C over
a period of 1.0 h followed by quenching with 1.0 N HCI (50
mL). The reaction mixture was extracted with ether, dried over
MgSO,4, and concentrated to dryness. The crude oil was
purified using silica gel chromatography (90% hexanes/10%
EtOAc) to afford 3.5 g (12.3 mmol, 66% yield) of 8. 'TH NMR
(CDCl3): 400 MHz 6 7.37—7.27 (m, 4H), 7.13 (dd, 1H, J = 8.0
and 1.4 Hz), 6.36 (s, 1H), 5.72 (d, 1H, J = 3.6 Hz), 2.08 (d, 1H,
J = 4.0 Hz), 1.68 (s, 4H), 1.27 (s, 12H). Low-resolution MS
(ES™) m/e 285 (MH™).

4-[Hydroxy-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)methyl]-2-furaldehyde (13). A flame-dried round
bottom flask was filled with anhydrous ether (125 mL) and 8
(3.5 g, 12.3 mmol). The resulting solution was cooled to —70
°C and was mixed with 1.7 M tert-butyl lithium in pentane
(18.1 mL, 30.8 mmol). The reaction was quenched by addition
of DMF (1.0 mL). The resulting solution was allowed to stir
at —70 to —20 °C over a period of 2.0 h followed by quenching
with 0.5 N HCI (25 mL). The reaction mixture was extracted
with ether, dried over MgSQO,, and concentrated to dryness.
The crude oil was purified using silica gel chromatography
(75% hexanes/25% EtOAc) to afford 1.4 g (4.48 mmol, 36%
yield) of 13. Note that the regioisomer 3-[hydroxy(5,5,8,8-
tetramethyl-5,6,7,8-tetrahydronaphthalen-2-yl)methyl]-2-fural-
dehyde was also obtained (1.0 g, 26% yield). 'H NMR
(CDCl3): 400 MHz ¢ 9.84 (s, 1H), 7.56 (d, 1H, J = 2.4 Hz),
7.35(d, 1H, J = 2.0 Hz), 7.28—7.26 (m, 1H), 7.10 (dd, 1H, J =
8.0 and 2.0 Hz), 6.47 (d, 1H, J = 1.2 Hz), 6.01 (d, 1H, J = 5.6
Hz), 1.67 (s, 4H), 1.26 (s, 12H). Low-resolution MS (ES*) m/e
313 (MH™).

4-[(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-
2-yl)methyl]-2-furaldehyde (15). A round bottom flask
containing 13 (700 mg, 2.24 mmol) and triethylsilane (521 mg,
4.48 mmol) in 25 mL of anhydrous CH,CI, was cooled to 0 °C,
and then, TFA (511 mg, 4.48 mmol) was added via syringe.
The solution was stirred at room temperature for a period of
2.0 h and quenched with saturated NaHCO; (10 mL). The
mixture was extracted with CHCl,, dried over MgSQO,, and
concentrated to dryness. The residual oil was purified on silica
gel (90% hexanes/10% EtOAc) to yield 365 mg (1.23 mmol, 55%
yield) of 15. 'H NMR (CDCl3): 400 MHz ¢ 9.77 (s, 1H), 7.54
(d, 1H, 3 =1.2 Hz), 7.22 (d, 1H, J = 8.4 Hz), 7.14 (d, 1H, J =
1.6 Hz), 6.94 (dd, 1H,J =8.0and 1.4 Hz), 6.39 (d, 1H,J=1.2
Hz), 4.10 (s, 2H), 1.66 (s, 4H), 1.24 (s, 12H). Low-resolution
MS (ES*) m/e 297 (MH™).

Ethyl (2E)-3-{4-[(5,5,8,8-Tetramethyl-5,6,7,8-tetrahy-
dronaphthalen-2-yl)methyl]-2-furyl} prop-2-enoate (17).
A flame-dried round bottom flask was charged with anhydrous
THF (20 mL) and sodium hydride (148 mg, 6.15 mmol). The
solution was cooled to 0—5 °C and mixed with triethylphospho-
noacetate (552 mg, 2.46 mmol). The reaction was stirred for
30 min at 0—5 °C. To this mixture was added 15 (365 mg, 1.23
mmol), and the reaction was stirred at room temperature for
16 h. The reaction mixture was slowly poured into cold 1.0 N
HCI (25 mL) while maintaining a temperature less than 15
°C. The reaction mixture was extracted with ether, and the
organics were dried over MgSO,. The organics were concen-
trated, and the resulting oil was chromatographed on silica
gel (95% hexanes/5% EtOAc) to yield a total of 352 mg (0.96
mmol, 78% yield) of 17. *H NMR (CDCls3): 400 MHz ¢ 7.52 (d,
1H,J =15.2 Hz), 7.40 (s, 1H), 7.21(d, 1H, 3 = 8.0 Hz), 7.11 (s,
1H), 6.89 (d, 1H, J = 8.0 Hz), 6.32—6.28 (m, 2H), 4.24 (q, 2H,
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J=7.2 Hz), 3.83 (s, 2H), 1.66 (s, 4H), 1.32 (t, 3H, J = 7.2 Hz),
1.25 (s, 12H). Low-resolution MS (ES*) m/e 367 (MH™).
(2E)-3-{4-[(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)methyl]-2-furyl} prop-2-enoic Acid (19). A mix-
ture containing 17 (352 mg, 0.960 mmol), 2-propanol (5.0 mL),
and 5.0 N NaOH (2.5 mL) was allowed to stir at room
temperature for a period of 16.0 h (heating with a heat gun
was needed to achieve homogeneity). The reaction mixture was
cooled to 0—5 °C and made acidic using concentrated HCI (pH
3.5). The reaction mixture was mixed with water and then was
extracted with EtOAc, dried over MgSO,, and concentrated
to dryness to afford a crude solid. The resulting solid was
chromatographed on silica gel (75% hexanes/25% EtOAc) to
give 263 mg (1.26 mmol, 81% yield) of 19 as a solid. *H NMR
(CDCl3): 400 MHz ¢ 7.56 (d, 1H, J = 15.6 Hz), 7.42 (d, 1H, J
=12 Hz), 7.21 (d, 1H, J = 8.0 Hz), 7.10 (d, 1H, J = 1.2 Hz),
6.88 (dd, 1H, J = 8.0, 1.6 Hz), 6.31—-6.27 (m, 2H), 3.84 (s, 2H),
1.66 (s, 4H), 1.24 (m, 12H). HRMS: C3sH3403Si requires M +
H at m/z 410.2277; found, 410.2273 (product silylated with
TMSCI). RP-HPLC, tg = 7.77 min, 96.0% purity.
N-Methoxy-N,2-dimethyl-3-furamide (10). To a flask
containing 2-methylfuran-3-carboxylic acid (7.0 g, 55.5 mmol)
in DMF (150 mL) was added N,N-diisopropylethylamine (7.53
g, 58.3 mmol) followed by HATU (22.2 g, 58.3 mmol) at room
temperature After 30 min, a DMF solution (50 mL) containing
N-methoxy-N-methylamine hydrochloride (5.96 g, 61.0 mmol)
and N,N-diisopropylethylamine (8.68 g, 67.2 mmol) was added
to the dark solution. After it was stirred overnight, the solution
was poured into EtOAc and the organics were washed with
H,0 (2x), saturated NaHCOs, and saturated NaHSO,. Drying
over MgSO,4 and removal of the solvent in vacuo provided a
dark orange oil that was purified on the Biotage (30—40%
EtOAc/hexanes) affording 3.52 g (20.8 mmol, 38% yield) of 10.
1H NMR (CDCls): 400 MHz ¢ 7.22 (d, 1H, J = 2.0 Hz), 6.66
(d, 1H, 3 = 1.8 Hz), 3.62 (s, 3H), 3.30 (s, 3H), 2.53 (s, 3H).
Low-resolution MS (AP*) m/e 170 (MH™).
(2-Methyl-3-furyl)(5,5,8,8-tetramethyl-5,6,7,8-tetrahy-
dronaphthalen-2-yl)methanone (11). To a THF solution (80
mL) containing 7 (6.08 g, 22.8 mmol) cooled to —78 °C was
added 9.6 mL of a 2.5 M hexanes solution of n-BuL.i. After 30
min at —78 °C, a THF solution (20 mL) containing 10 (3.50 g,
20.7 mmol) was added. The resulting orange solution was
stirred for 2.5 h at which time it was quenched with saturated
NaHSO,. The solution was then poured into additional satu-
rated NaHSO,, and the organics were extracted with EtOAc.
After it was washed with saturated NaCl and dried over
MgSO,, the solvent was removed in vacuo. The residual oil
was purified on the Biotage (0—20% EtOAc/hexanes) yielding
3.18 g (10.7 mmol, 52% yield) of 11. *H NMR (CDClg): 400
MHz 6 7.76 (d, 1H, 3 = 1.6 Hz), 7.56 (dd, 1H, J =8.2 and 1.8
Hz), 7.38 (d, 1H, J = 8.2 Hz), 7.28 (d, 1H, J = 1.9 Hz), 6.58 (d,
1H, J = 1.8 Hz), 2.54 (s, 3H), 1.71 (s, 4H), 1.30 (s, 12H). Low-
resolution MS (ES™) m/e 297 (MH"). HRMS: CxH240; requires
M + H at m/z 296.1776; found, 296.1787.
(2-Methyl-3-furyl)(5,5,8,8-tetramethyl-5,6,7,8-tetrahy-
dronaphthalen-2-yl)methanol (12). A mixture of sodium
borohydride (842 mg, 22.2 mmol) and anhydrous THF (50 mL)
was cooled to a temperature of 0—5 °C. To this mixture was
added 11 (3.3 g, 11.1 mmol) dissolved in dry MeOH (25 mL).
The reaction was allowed to stir at room temperature for a
period of 17 h. The reaction mixture was slowly poured into a
solution of saturated NaHCO;3; and extracted with ether. The
organics were dried over MgSO, and concentrated to dryness
to afford a crude oil. The oil was purified using silica gel
chromatography (90% hexanes/10% EtOAc) to give 3.1 g (10.4
mmol, 93% yield) of 12 as a white solid. *H NMR (CDCls): 400
MHz ¢ 7.34 (d, 1H, J = 1.6 Hz), 7.27—7.25 (m, 1H), 7.22 (d,
1H, J = 1.6 Hz), 7.10 (dd, 1H, J = 8.4 and 2.0 Hz), 6.28 (d,
1H, J = 1.6 Hz), 5.71 (d, 1H, J = 3.6 Hz), 2.28 (s, 3H), 1.96 (d,
1H, J = 3.6 Hz), 1.66 (s, 4H), 1.26 (s, 12H). Low-resolution
MS (ES*) m/e 299 (MH™).
4-[Hydroxy-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)methyl]-5-methyl-2-furaldehyde (14). Follow-
ing the procedure to synthesize compound 13, but where
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alcohol 12 was used in place of alcohol 8, the title compound
14 was obtained in 15% yield (488 mg, 1.50 mmol). *H NMR
(CDCl3): 400 MHz 8 9.45 (s, 1H), 7.30—7.25 (m, 2H), 7.14 (s,
1H), 7.08 (dd, 1H, J = 8.4 and 2.0 Hz), 5.72 (s(br), 1H), 2.37
(s, 3H), 2.13 (d, 1H, J = 2.4 Hz), 1.66 (s, 4H), 1.26 (s, 12H).
Low-resolution MS (ES™) m/e 327 (MH™).

5-Methyl-4-[(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)methyl]-2-furaldehyde (16). Following the pro-
cedure to synthesize compound 15, but where aldehyde 14 was
used in place of aldehyde 13, the title compound 16 was
obtained in 66% yield (488 mg, 1.50 mmol). *H NMR (CDCls):
400 MHz 6 9.45 (s, 1H), 7.23 (d, 1H, J = 8.0 Hz), 7.08 (d, 1H,
J = 1.2 Hz), 7.02 (s, 1H), 6.88 (dd, 1H, J = 8.0 and 1.8 Hz),
3.69 (s, 2H), 2.37 (s, 3H), 1.67 (s, 4H), 1.26 (s, 12H). Low-
resolution MS (ES*) m/e 311 (MH™).

(2E)-3-{5-Methyl-4-[(5,5,8,8-tetramethyl-5,6,7,8-tetrahy-
dronaphthalen-2-yl)methyl]-2-furyl} prop-2-enoic Acid
(20). A round bottom flask was filled with dry THF (20 mL)
and cooled to 0—5 °C. The solution was then mixed with 95%
NaH (124 mg, 5.16 mmol) and stirred at 0—5 °C for 5 min.
This solution was mixed with triethylphosphonoacetate (442
mg, 2.0 mmol) and stirred at 0—5 °C for 30 min. The reaction
mixture was then mixed with 16 (306 mg, 0.99 mmol), and
the mixture was stirred at room temperature for a period of
17 h. The reaction mixture was cooled to 5 °C and mixed with
1.0 N NaOH (20 mL) and 2-propanol (5.0 mL). The reaction
was stirred for an additional 2.0 h and was made acidic using
concentrated HCI (pH 3.0). The organics were extracted with
ether, dried over MgSOQ,, and concentrated to give a crude oil.
The oil was chromatographed on silica gel (75% hexanes/25%
EtOAC) to afford 67 mg (0.19 mmol, 20% yield for 2 steps) of
20. 'H NMR (ds-acetone): 400 MHz ¢ 7.32 (d, 1H, J = 15.6
Hz), 7.24—7.18 (m, 3H), 6.94 (dd, 1H, J = 8.4 and 2.0 Hz),
6.63 (s, 1H), 6.09 (d, 1H, J = 15.6 Hz), 3.66 (s, 2H), 2.36 (s,
3H), 1.60 (s, 4H), 1.23 (s, 12H). HRMS: CysH2303 requires M
+ H at m/z 352.2029; found, 352.2038. RP-HPLC, tr = 8.23
min, 94.0% purity.

Representative Procedure for the Synthesis of Both
the Furanyl and Thienyl Propenoic Acids. 4-(5,5,8,8-
Tetramethyl-5,6,7,8-tetrahydro-2-naphthalenyl)-4,5,6,7-
tetrahydro-1-benzofuran-4-ol (26). To a THF solution (200
mL) containing 6-bromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahy-
dronaphthalene 7 (43.2 g, 161.8 mmol) cooled to —78 °C was
added 68.0 mL of a 2.5 M hexanes solution of n-BuLi (170.0
mmol). The resulting reddish-orange solution was stirred for
30 min when 6,7-dihydro-4(5H)benzofuranone 21 (20.0 g, 147.0
mmol) in 100 mL of THF was added. After the mixture was
stirred for 45 min, the reaction was quenched with H,O. When
it was warmed, the solution was poured into additional H,O
and the organics were extracted with Et,O. After it was dried
over MgSO,, the solvent was removed in vacuo and the
residual oil was purified via column chromatography [hexanes/
EtOAc (7:1)] yielding 40.9 g (126.2 mmol, 86% yield) of 26 as
a white solid; mp 55—57 °C. 'H NMR (CDCl3): 400 MHz 6
7.29 (d, 1H, J =2.0 Hz), 7.25 (d, 1H, J = 1.6 Hz), 7.19 (d, 1H,
J =8.2 Hz), 7.07 (dd, 1H, J = 8.3 and 2.1 Hz), 6.15 (d, 1H, J
= 1.8 Hz), 2.71-2.62 (m, 2H), 2.05—2.00 (m, 3H), 1.92-1.78
(m, 2H), 1.63 (s, 4H), 1.26 (s, 6H), 1.23 (s, 3H), 1.20 (s, 3H).
Anal. (C22H2802) C, H.

4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzofuran (31). To a THF solu-
tion (100 mL) containing sodium borohydride (12.2 g, 324
mmol) cooled to 0 °C was added BF;-Et,0 (69.0 g, 486 mmol).
The resulting white slurry was stirred for 10 min when 26
(10.5 g, 32.4 mmol) in 200 mL of THF was added. After 10
min, the reaction mixture was very carefully poured into
saturated NaHCOs. The solution was then poured into ad-
ditional saturated NaHCOg3, and the organics were extracted
with Et,O. After it was dried over MgSO,, the solvent was
removed in vacuo and the residual oil was purified via column
chromatography [hexanes/EtOAc (19:1)] yielding 8.18 g (26.6
mmol, 82% yield) of 31. *"H NMR (CDCls): 400 MHz 6 7.26 (s,
1H), 7.19 (d, 1H, J = 8.3 Hz), 7.07 (d, 1H, J = 1.9 Hz), 6.89
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(dd, 1H, J=8.1and 1.8 Hz), 6.06 (d, 1H, J = 1.6 Hz), 3.81 (m,
1H), 2.69—2.66 (m, 2H), 2.08 (m, 1H), 1.96—1.91 (m, 1H), 1.80—
1.76 (m, 1H), 1.69—1.64 (m, 5H), 1.30 (s, 6H), 1.27 (s, 3H), 1.23
(s, 3H). Low-resolution MS (ES*) m/e 309 (MHT).

[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1-benzofuran]-2-carboxalde-
hyde (36). To a THF solution (380 mL) containing 31 (30.4 g,
98.7 mmol) cooled to 0 °C was added 41.4 mL of a 25 M
hexanes solution of n-BuLi (103.6 mmol). The yellow-orange
solution was stirred for 15 min at which time DMF (10.8 g,
148.0 mmol) was added at which point the solution turned
nearly colorless. After 10 min, the reaction was quenched with
saturated NaHSO, and poured into additional saturated
NaHSO, and the organics were extracted with Et,O. After it
was dried over MgSO,, the solvent was removed in vacuo and
the residual yellow oil was purified via column chromatogra-
phy [hexanes/EtOAc (9:1)] affording 29.3 g (87.2 mmol, 88%
yield) of 36 as a white solid; mp 91—94 °C. *H NMR (CDCls):
400 MHz ¢ 9.45 (s, 1H), 7.22 (d, 1H, J = 8.1 Hz), 7.05 (d, 1H,
J = 1.8 Hz), 6.91 (s, 1H), 6.85 (dd, 1H, J = 8.2 and 2.0 Hz),
3.84 (m, 1H), 2.80—2.78 (m, 2H), 2.17—-2.11 (m, 1H), 2.10—
2.01 (m, 1H), 1.88-1.82 (m, 1H), 1.75—1.66 (m, 5H), 1.31 (s,
6H), 1.26 (s, 3H), 1.23 (s, 3H). Low-resolution MS (ES*) m/e
337 (MH+) Anal. (C23H2802) C, H.

Ethyl (2E)-3-[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-
2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-yl]-2-
propenoate (41a,b). To a DME solution (300 mL) containing
sodium hydride (5.23 g, 130.8 mmol, 60% dispersion in mineral
oil) was added tiethylphosphonoacetate (29.3 g, 130.8 mmol)
at room temperature. To the resulting solution was added 36
(29.3 g, 87.2 mmol) in 100 mL of DME. The reaction was
stirred for 20 min at which time it was quenched with H,O.
The solution was diluted with Et,0, and the organic layer was
separated. The aqueous layer was extracted with Et,O, and
then, the combined organic layers were dried over MgSO,.
Removal of the solvent in vacuo and purification via column
chromatography [hexanes/EtOAc (9:1)] yielded 32.3 g (80.7
mmol, 92% yield) of 41a,b as a light yellow foam; mp 47—49
°C. 'H NMR (CDCl3): 400 MHz ¢ 7.32 (d, 1H, J = 15.6 Hz),
7.20 (d, 1H, J = 8.3 Hz), 7.05 (d, 1H, J = 1.7 Hz), 6.86 (dd,
1H, J = 8.0 and 1.9 Hz), 6.28 (s, 1H), 6.22 (d, 1H, J = 15.6
Hz), 4.22 (g, 2H, J = 7.2 Hz), 3.81—3.78 (m, 1H), 2.73-2.71
(m, 2H), 2.11-2.00 (m, 1H), 1.99-1.95 (m, 1H), 1.83—1.79 (m,
1H), 1.70—1.64 (m, 5H), 1.30 (t, 3H, J = 7.1 Hz), 1.26 (s, 6H),
1.22 (s, 3H), 1.19 (s, 3H). Low-resolution MS (ES™) m/e 407
(MH™). Anal. (C27H3403) C, H. The enantiomers 41a,b were
separated utilizing supercritical fluid chromatography with a
chiralpak-AS column eluting with CO,/10%MeOH (containing
0.2% isopropylamine). The separated antipodes were taken
directly into the ester hydrolysis step outlined below.

(2E)-3[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naph-
thalenyl)tetrahydro-1-benzofuran-2-yl]-2-propenoic Acid
(46a,b). To a dioxane solution (200 mL) containing 41a,b (30.5
g, 75.0 mmol) was added lithium hydroxide hydrate (31.5 g,
750 mmol) followed by 60 mL of H,O. After the solution was
stirred overnight, TLC showed some starting material left so
the solution was heated at 60 °C for 3 h. The solution was
acidified with saturated NaHSO,, extracted with EtOAc, and
dried (MgSO,). The organics were then heated with Darco, and
the solution was filtered through a bed of Celite with the Celite
being rinsed thoroughly with EtOAc. The solvent was removed
in vacuo, and the residual light yellow solid was triturated
with hexanes and collected via vacuum filtration yielding 24.5
g (64.8 mmol, 86% yield) of 46a,b as a light yellow solid; mp
210—213 °C decomp. *H NMR (CDClz): 400 MHz ¢ 7.39 (d,
1H, J = 15.4 Hz), 7.21 (d, 1H, J = 8.0 Hz), 7.05 (d, 1H, J =
1.6 Hz), 6.86 (dd, 1H, J = 8.2 and 1.8 Hz), 6.35 (s, 1H), 6.21
(d, 1H, J = 15.4 Hz), 3.82—3.79 (m, 1H), 2.74—2.72 (m, 2H),
2.12—-2.07 (m, 1H, 2.00—-1.98 (m, 1H), 1.81—-1.70 (m, 1H), 1.67
(s(br), 5H), 1.26 (s, 6H), 1.22 (s, 3H), 1.19 (s, 3H). 13C NMR
(100 MHz, CDCl3): ¢ 171.9, 156.0, 148.8, 144.8, 142.9, 141.4,
133.4,126.4,125.8,124.9, 123.6,117.7, 112.2, 39.7, 35.2, 35.1,
34.2,34.0,33.3,31.9, 31.9, 23.5, 21.3. Low-resolution MS (ES™)
m/e 379 (MH+) Anal. (C25H3003) C, H.
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The separated ethyl ester enantiomers (see above) were
hydrolyzed using the aforementioned conditions yielding both
enantiomers 46a and 46b identical in all respects to racemic
material. There was not enough material to get a reproducible
optical rotation; however, both enantiomers were checked for
final purity on a chiralpak-AS column eluting with CO,/10%
MeOH (containing 0.2% isopropylamine), flow = 2 mL/min at
2000 psi. Enantiomer 46a: tg = 7.46 min, 97.6% purity;
enantiomer 46b: tg = 8.14 min, 97.8% purity.

4-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1-benzofuran-4-ol (28). Following
the procedure to synthesize compound 26, but where bromide
23 was used in place of bromide 7, the title compound 28 was
obtained in 53% yield (1.32 g, 3.91 mmol) as a white solid; mp
122—124 °C. *H NMR (CDCls): 400 MHz 6 7.42 (s, 1H), 7.27
(d, 1H,J = 1.7 Hz), 7.00 (s, 1H), 6.15 (d, 1H, J = 1.9 Hz), 2.73
(m, 1H), 2.63 (m, 1H), 2.11-1.96 (m, 4H), 1.85 (m, 1H), 1.66
(s, 4H), 1.25 (s, 6H), 1.22 (s, 6H). 13C NMR (100 MHz, CDCly):
0 152.6, 143.4, 141.7, 141.2, 141.1, 132.1, 130.3, 125.4, 123.8,
108.9, 73.6, 38.0, 35.4, 35.4, 34.2, 33.9, 32.0, 32.0, 31.9, 31.9,
23.2, 21.1, 20.2. Low-resolution MS (CIt) m/e 321 [MH™"
(_Hzo)] Anal. (C23H3002) C, H.

4-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1-benzofuran (33). Following the
procedure to synthesize compound 31, but where alcohol 28
was used in place of alcohol 26, the title compound 33 was
obtained in 60% yield (383 mg, 1.19 mmol) as a white solid;
mp 68—71 °C. *H NMR (CDCls): 400 MHz 6 7.26 (d, 1H, J =
1.5 Hz), 7.06 (s, 1H), 6.85 (s, 1H), 6.03 (d, 1H, J = 1.9 Hz),
4.02 (m, 1H), 2.33 (s, 3H), 2.71-2.66 (m, 2H), 1.92 (m, 1H),
1.79 (m, 1H), 1.66—1.54 (m, 6H), 1.27 (s, 6H), 1.15 (s, 3H), 1.12
(s, 3H). 13C NMR (100 MHz, CDCls): ¢ 152.0, 142.4, 142.3,
140.4, 140.3, 132.6, 128.1, 126.3, 119.9, 110.6, 36.2, 35.4, 35.4,
34.1, 34.0, 32.1, 32.0, 32.0, 32.0, 31.8, 23.4, 21.7, 19.2. Low-
resolution MS (ES™) m/e 323 (MH™). Anal. (C23H300) C, H.

4-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-carbaldehyde
(38). Following the procedure to synthesize compound 36, but
where furan 33 was used in place of 31, the title compound
38 was obtained in 87% yield based on unreacted starting
material (508 mg, 1.45 mmol) as a white solid; mp 126—128
°C. 'H NMR (CDClg): 400 MHz 6 9.46 (s, 1H), 7.08 (s, 1H),
6.89 (s, 1H), 6.78 (s, 1H), 4.06 (m, 1H), 2.83—2.79 (m, 2H), 2.33
(s, 3H), 2.12 (m, 1H), 2.06 (m, 1H), 1.86 (m, 1H), 1.67—1.61
(m, 5H), 1.28 (s(br), 6H), 1.15 (s, 3H), 1.11 (s, 3H). **C NMR
(100 MHz, CDClg): ¢ 177.1, 160.0, 151.5, 143.1, 142.7, 139.0,
132.6,128.5,125.8,124.4, 36.1, 35.3, 35.2, 34.1, 34.0, 32.0, 31.9,
31.3,23.8,21.2, 19.2. Low-resolution MS (ES') m/e 351 (MH™).
Anal. (C24H3002) C, H.

Ethyl (2E)-3-[4-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahy-
dro-2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-
yl]-2-propenoate (43). Following the procedure to synthesize
compound 41a,b, but where aldehyde 38 was used in place of
36, the title compound 43 was obtained in 89% yield (541 mg,
1.29 mmol) as a clear oil that solidified on standing; mp 59—
61 °C. 'H NMR (CDClg): 400 MHz ¢ 7.32 (d, 1H, J = 15.6
Hz), 7.06 (s, 1H), 7.00 (s, 1H), 6.82 (s, 1H), 6.24 (d, 1H, J =
15.6 Hz), 4.22 (q, 2H, J = 7.2 Hz), 4.02 (m, 1H), 2.77—-2.71 (m,
2H), 2.32 (s, 3H), 2.08 (m, 1H), 1.98 (m, 1H), 1.81 (m, 1H),
1.66—1.55 (m, 5H), 1.31 (t, 3H, J = 7.1 Hz), 1.27 (s, 6H), 1.15
(s, 3H), 1.11 (s, 3H). 3C NMR (100 MHz, CDCls): o 167.7,
155.6, 149.2, 142.7, 142.5, 139.6, 132.6, 131.6, 128.3, 126.0,
123.5,116.6, 113.7, 60.4, 36.2, 35.4, 35.3, 34.1, 34.0, 32.1, 32.0,
31.9, 31.6, 23.6, 21.5, 19.2, 14.5. Anal. (CzsH360-1/4H,0) C,
H.

(2E)-3-[4-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-yl]-2-
propenoic Acid (48). Following the procedure to synthesize
compound 46a,b, but where ester 43 was used in place of
41a,b, the title compound 48 was obtained in 80% yield (398
mg, 1.02 mmol) as a light yellow solid after triteration with
hexanes; mp 220—225 °C decomp. *H NMR (CDClz): 400 MHz
0 7.40 (d, 1H, J = 15.5 Hz), 7.07 (s, 1H), 6.82 (s, 1H), 6.31 (s,
1H), 6.23 (d, 1H, J = 15.6 Hz), 4.00 (m, 1H), 2.77—-2.74 (m,

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 8 2021

2H), 2.32 (s, 3H), 2.08 (m, 1H), 1.98 (m, 1H), 1.81 (m, 1H),
1.66—1.56 (m, 5H), 1.27 (s, 6H), 1.15 (s, 3H), 1.11 (s, 3H). 13C
NMR (100 MHz, CDCls): 6 173.0, 156.2, 148.8, 142.6, 142.4,
139.3,133.4,132.4,128.2,125.7,123.7,117.7,112.4, 36.0, 35.2,
35.1, 33.9, 33.8, 31.9, 31.8, 31.7, 31.4, 23.5, 21.3, 19.0. Low-
resolution MS (ES*) m/e 393 (MH™"). Anal. (CzH3,0-1/2H,0)
C, H.

4-(3-Methoxy-5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-4-ol (29).
Following the procedure to synthesize compound 26, but where
bromide 24 was used in place of bromide 7, the title compound
29 was obtained in 48% yield (5.41 g, 15.3 mmol) as a white
solid; mp 124—127 °C. 'H NMR (CDClz): 400 MHz ¢ 7.31 (d,
1H, J = 1.8 Hz), 6.79 (s, 1H), 6.77 (s, 1H), 6.32 (d, 1H, J = 1.9
Hz), 4.74 (s, 1H), 3.89 (s, 3H), 2.68—2.56 (m, 2H), 2.14—2.11
(m, 2H), 1.96 (m, 1H), 1.64—1.56 (m, 5H), 1.27 (s, 3H), 1.24 (s,
3H), 1.09 (S, 3H), 1.05 (S, 3H) Anal. (C23H3003) C, H.

4-(3-Methoxy-5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran (34). Fol-
lowing the procedure to synthesize compound 31, but where
alcohol 29 was used in place of alcohol 26, the title compound
34 was obtained in 84% yield (2.65 g, 7.84 mmol) as a white
solid; mp 94—96 °C. 'H NMR (CDClz): 400 MHz ¢ 7.24 (d,
1H,J=15Hz),6.81 (s, 1H), 6.73 (s, 1H), 6.04 (d, 1H, 3 =15
Hz), 4.21 (m, 1H), 3.82 (s, 3H), 2.66—2.61 (m, 2H), 2.05 (m,
1H), 1.84—1.73 (m, 2H), 1.66—1.56 (m, 5H), 1.27 (s, 3H), 1.26
(s, 3H), 1.11 (s, 3H), 1.10 (s, 3H). 13C NMR (100 MHz, CDCls):
0 154.7, 152.0, 143.2, 140.1, 136.3, 130.7, 126.9, 119.3, 110.5,
107.4, 55.3, 35.3, 35.2, 34.3, 33.6, 32.6, 31.9, 31.8, 31.1, 23.3,
21.3.

4-(3-Methoxy-5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-carbal-
dehyde (39). Following the procedure to synthesize compound
36, but where furan 34 was used in place of 31, the title
compound 39 was obtained in 55% yield (1.64 g, 4.48 mmol)
as a viscous oil, which solidified on standing; mp 58—60 °C.
1H NMR (CDClg): 400 MHz ¢ 9.45 (s, 1H), 6.92 (s, 1H), 6.78
(s, 2H), 4.27 (m, 1H), 3.83 (s, 3H), 2.80—2.76 (m, 2H), 2.08 (m,
1H), 1.96 (m, 1H), 1.85 (m, 1H), 1.74—1.61 (m, 5H), 1.26 (s,
6H), 1.14 (s, 3H), 1.12 (s, 3H). Low-resolution MS (ES*) m/e
365 (MH).

Ethyl (2E)-3-[4-(3-Methoxy-5,5,8,8-tetramethyl-5,6,7,8-
tetrahydro-2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzo-
furan-2-yl]-2-propenoate (44). Following the procedure to
synthesize compound 41a,b, but where aldehyde 39 was used
in place of 36, the title compound 44 was obtained in 71% yield
(1.40 g, 3.20 mmol) as an oil, which solidified on standing; mp
67—69 °C. 'H NMR (CDCls): 400 MHz 6 7.32 (d, 1H,J = 15.5
Hz), 6.78 (s, 1H), 6.74 (s, 1H), 6.27 (s, 1H), 6.21 (d, 1H, J =
15.6 Hz), 4.23—4.18 (m, 3H), 3.81 (s, 3H), 2.71—2.66 (m, 2H),
2.05 (m, 1H), 1.86 (m, 1H), 1.79—1.58 (m, 6H), 1.31—1.27 (m,
9H), 1.11 (s, 3H), 1.10 (s, 3H). *C NMR (100 MHz, CDCl3): ¢
167.6, 155.6, 154.7, 148.9, 143.6, 136.5, 131.5, 130.0, 126.5,
123.0, 116.6, 113.3, 107.6, 60.2, 55.3, 35.2, 35.1, 34.4, 33.6, 32.6,
31.9, 31.8, 31.8, 31.8, 30.8, 23.5, 21.2, 14.4. Low-resolution MS
(ES™) m/e 437 (MH™"). Anal. (C2sH3604) C, H.

(2E)-3-[4-(3-Methoxy-5,5,8,8-tetramethyl-5,6,7,8-tetrahy-
dro-2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-
yl]-2-propenoic Acid (49). Following the procedure to syn-
thesize compound 46a,b, but where ester 44 was used in place
of 41a,b, the title compound 49 was obtained in 74% yield (922
mg, 2.26 mmol) after recrystallization from hexanes as a white
solid; mp 231-233 °C. 'H NMR (CDCls): 400 MHz ¢ 7.42 (d,
1H, J = 15.3 Hz), 6.80 (s, 1H), 6.76 (s, 1H), 6.36 (s, 1H), 6.23
(d, 1H, 3 = 15.6 Hz), 4.22 (m, 1H), 3.38 (s, 3H), 2.74—2.70 (m,
2H), 2.08 (m, 1H), 1.19 (m, 1H), 1.81 (m,1H), 1.68—1.61 (m,
6H), 1.29 (s, 6H), 1.14 (s, 3H), 1.12 (s, 3H). 1*C NMR (100 MHz,
CDCls): 0172.8,156.6, 154.9, 148.9, 143.9, 136.8, 133.6, 130.0,
126.7, 123.6, 118.0, 112.3, 107.8, 55.5, 35.4, 35.3, 34.6, 33.8,
32.8,32.1,32.0, 32.0, 31.9, 31.0, 23.8, 21.4. Low-resolution MS
(ES_) m/e 437 (M — 1) Anal. (C25H3204) C, H.

4-(5,5,8,8-Tetramethyl-3-propoxy-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-4-ol (30).
Following the procedure to synthesize compound 26, but where
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bromide 25 was used in place of bromide 7, the title compound
30 was obtained in 46% yield (2.1 g, 5.50 mmol) as a white
solid; mp 139—142 °C. 'H NMR (CDCl3): 6 7.30 (d, 1H, J =
1.7 Hz), 6.79 (s, 1H), 6.77 (s, 1H), 6.31 (d, 1H, J = 1.9 Hz),
4.81 (s, 1H), 4.06—3.95 (m, 2H), 2.70—2.54 (m, 2H), 2.21—-2.09
(m, 2H), 1.98 (m, 1H), 1.88—1.80 (m, 2H), 1.65—1.58 (m, 5H),
1.26 (s, 3H), 1.23 (s, 3H), 1.09 (s, 3H), 1.07—1.04 (m, 6H). Anal.
(C2sH3403) C, H.

4-(5,5,8,8-Tetramethyl-3-propoxy-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran (35). Fol-
lowing the procedure to synthesize compound 31, but where
alcohol 30 was used in place of alcohol 26, the title compound
35 was obtained in 91% yield (1.56 g, 4.26 mmol) as a clear
oil. 'H NMR (CDCl3): 400 MHz ¢ 7.23 (d, 1H, J = 1.5 Hz),
6.81 (s, 1H), 6.71 (s, 1H), 6.05 (d, 1H, J = 1.7 Hz), 4.23 (m,
1H), 3.93—-3.88 (m, 2H), 2.66—2.60 (m, 2H), 2.05 (m, 1H), 1.84—
1.73 (m, 4H), 1.66—1.57 (m, 5H), 1.26 (s, 3H), 1.25 (s, 3H), 1.11
(s, 3H), 1.10 (s, 3H), 1.02 (t, 3H, J = 7.4 Hz). *C NMR (100
MHz, CDClg): 6 154.4,152.1, 143.4, 140.2, 136.3, 131.0, 127.1,
119.6, 110.8, 108.4, 69.5, 35.5, 35.4, 34.5, 33.8, 33.1, 32.1, 32.0,
31.3, 23.5, 23.1, 21.5, 11.1. Low-resolution MS (ES") m/e 367
(MH™).

4-(5,5,8,8-Tetramethyl-3-propoxy-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-carbal-
dehyde (40). Following the procedure to synthesize compound
36, but where furan 35 was used in place of 31, the title
compound 40 was obtained in 74% yield (1.13 g, 2.86 mmol)
as a clear oil. *H NMR (CDCls3): 400 MHz ¢ 9.43 (s, 1H), 6.90
(s, 1H), 6.76 (s, 1H), 6.72 (s, 1H), 4.23 (m, 1H), 3.95—3.84 (m,
2H), 2.77—2.73 (m, 2H), 2.06 (m, 1H), 1.94 (m, 1H), 1.84—1.71
(m, 4H), 1.65—1.58 (m, 4H), 1.26 (s, 3H), 1.25 (s, 3H), 1.12 (s,
3H), 1.10 (s, 3H), 0.99 (t, 3H, J = 7.4 Hz). Low-resolution MS
(ES™) m/e 395 (MH™).

Ethyl (2E)-3-[4-(5,5,8,8-Tetramethyl-3-propoxy-5,6,7,8-
tetrahydro-2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzo-
furan-2-yl]-2-propenoate (45). Following the procedure to
synthesize compound 41a,b, but where aldehyde 40 was used
in place of 36, the title compound 45 was obtained in 62% yield
(748 mg, 1.61 mmol) as an oil, which solidified on standing;
mp 52—-54 °C. *H NMR (CDCls): 400 MHz 6 7.31 (d, 1H, J =
15.7 Hz), 6.78 (s, 1H), 6.71 (s, 1H), 6.28 (s, 1H), 6.20 (d, 1H, J
=15.7 Hz), 4.23—-4.17 (m, 3H), 3.93—3.85 (m, 2H), 2.70—2.66
(m, 2H), 2.03 (m, 1H), 1.88 (m, 1H), 1.79—1.69 (m, 2H), 1.68—
1.57 (m, 6H), 1.28 (t, 3H, J = 7.2 Hz), 1.26 (s, 3H), 1.25 (s,
3H), 1.11 (s, 3H), 1.10 (s, 3H), 1.01 (t, 3H, J = 7.4 Hz). 3C
NMR (100 MHz, CDCl3): ¢ 167.6, 155.6, 154.2, 148.9, 143.6,
136.2, 131.5, 130.0, 126.5, 123.2, 116.7, 113.3, 108.4, 69.3, 60.2,
35.2, 35.1, 34.3, 33.6, 33.0, 31.9, 31.8, 31.8, 31.8, 30.7, 23.6,
22.8,21.2,14.4,10.8. Low-resolution MS (ES*) m/e 465 (MH™).

(2E)-3-[4-(5,5,8,8-Tetramethyl-3-propoxy-5,6,7,8-tetrahy-
dro-2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzofuran-2-
yl]-2-propenoic Acid (50). Following the procedure to syn-
thesize compound 46a,b, but where ester 45 was used in place
of 41a,b, the title compound 50 was obtained in 96% yield (921
mg, 2.11 mmol) after recrystallization from hexanes as a white
solid; mp 195—196 °C. 'H NMR (CDClg): 400 MHz ¢ 7.42 (d,
1H, J = 15.5 Hz), 6.81 (s, 1H), 6.74 (s, 1H), 6.37 (s, 1H), 6.22
(d, 1H, J = 15.5 Hz), 4.23 (m, 1H), 3.95-3.89 (m, 2H), 2.74—
2.70 (m, 2H), 2.08 (m, 1H), 1.92 (m, 1H), 1.83—1.69 (m, 2H),
1.67—1.60 (m, 6H), 1.28 (s, 3H), 1.14 (s, 3H), 1.12 (s, 3H), 1.03
(t, 3H, J = 7.3 Hz). 3C NMR (100 MHz, CDCls): ¢ 172.8, 156.6,
154.4, 148.8, 143.8, 136.5, 133.7, 130.1, 126.7, 123.8, 118.1,
112.2, 108.6, 69.5, 35.4, 35.4, 34.5, 33.8, 33.2, 32.1, 32.0, 32.0,
32.0, 30.9, 23.8, 23.0, 21.4, 11.0. Low-resolution MS (ES*) m/e
437 (MH+) Anal. (C23H3604) C, H.

4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzothiophen-4-ol (27). Follow-
ing the procedure to synthesize compound 26, but where
ketone 22 was used in place of ketone 21, the title compound
27 was obtained in 45% (564 mg, 1.66 mmol) as an oil, which
solidified on standing; mp 42—44 °C. *H NMR (CDCls): 400
MHz 6 7.27 (d, 1H, J = 1.9 Hz), 7.18 (d, 1H, J = 8.2 Hz), 7.02
(d, 1H, J = 5.2 Hz), 6.97 (dd, 1H, J = 8.2 and 2.0 Hz), 6.67 (d,
1H, J = 5.2 Hz), 2.89—2.83 (m, 2H), 2.11-1.99 (m, 4H), 1.81
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(m, 1H), 1.64 (s, 4H), 1.29—1.19 M, 9H), 0.86 (s, 3H). Low-
resolution MS (ES*) m/e 341 (MH™).

4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzothiophene (32). To a CH,-
Cl; solution (10 mL) containing 27 (654 mg, 1.92 mmol) and
triethylsilane (671 mg, 5.77 mmol) was added TFA (680 mg,
5.96 mmol) at —40 °C. After 30 min, the reaction was quenched
with dilute NaHCOg;. The two phase solution was poured into
additional saturated NaHCO3, and the organics were extracted
with CH,Cl,. After it was dried over MgSQO,, the solvent was
removed in vacuo and the residual oil was purified via column
chromatography [hexanes/EtOAc (19:1)] yielding 557 mg (1.72
mmol, 90% yield) of 32 as a white solid; mp 79—81 °C. *H NMR
(CDCl3): 400 MHz 6 7.17 (d, 1H, J=8.0Hz), 7.03 (d, 1H, J =
1.8 Hz), 6.98 (d, 1H, J = 5.2 Hz), 6.81 (dd, 1H, J =8.0 and 1.8
Hz), 6.53 (d, 1H, J = 5.3 Hz), 3.93 (m, 1H), 2.88—2.84 (m, 2H),
2.12 (m, 1H), 1.96 (m, 1H), 1.82—1.76 (m, 2H), 1.66 (s, 4H),
1.26—1.25 (m, 9H), 1.21 (s, 3H). 23C NMR (100 MHz, CDCly):
0 144.4, 143.0, 142.4, 138.0, 136.6, 128.2, 126.2, 126.1, 125.2,
121.2, 42.8, 35.2, 35.1, 34.2, 34.0, 33.1, 31.9, 31.8, 25.2, 22.0.
Low-resolution MS (ES*) m/e 325 (MH™). Anal. (C2H2sS) C,
H, S.

4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzothiophene-2-carbalde-
hyde (37). To a Et,0 solution (50 mL) containing 32 (6.40 g,
19.8 mmol) cooled to —20 °C was added 34.9 mL of a 1.7 M
pentane solution of t-BuLi (59.4 mmol). The resulting yellow
solution was stirred at —20 °C for 30 min at which time DMF
(2.17 g, 29.7 mmol) was added. After 30 min, the reaction had
warmed to —10 °C at which time it was quenched with H;O.
The solution was then poured into saturated NaHSO,, and the
organics were extracted with Et,O. After it was dried over
MgSQ,, the solvent was removed in vacuo. The residual yellow
solid was dissolved in MeOH, and a small amount of Et,O was
added. After it was stored in the freezer overnight, the
precipitated solid was collected via vacuum filtration yielding
6.73 g (19.1 mmol, 96% yield) of 37 as a light orange solid; mp
142-145 °C. *H NMR (CDCl3): 400 MHz 6 9.71 (s, 1H), 7.23
(s, 1H), 7.21 (d, 1H, J = 8.0 Hz), 7.04 (d, 1H, J = 1.9 Hz), 6.81
(dd, 1H, J = 8.0 and 2.0 Hz), 3.93 (m, 1H), 2.95—-2.92 (m, 2H),
2.15 (m, 1H), 2.01 (m, 1H), 1.86—1.77 (m, 2H), 1.68 (s, 4H),
1.27 (s, 6H), 1.26 (s, 3H), 1.22 (s, 3H). **C NMR (100 MHz,
CDClg): 0 182.9, 148.7, 144.9, 143.0, 141.9, 140.4, 140.0, 138.5,
126.6,126.1, 125.0, 42.8, 35.1, 35.0, 34.2, 34.0, 32.7, 31.9, 31.8,
26.1, 21.8. Low-resolution MS (ES*) m/e 353 (MH™). Anal.
(C23H250S) C, H, S.

Ethyl (2E)-3-[4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-
2-naphthalenyl)-4,5,6,7-tetrahydro-1-benzothien-2-yl]-2-
propenoate (42). Following the procedure to synthesize
compound 41a,b, but where aldehyde 37 was used in place of
36, the title compound 42 was obtained in 95% yield (3.51 g,
8.32 mmol) as an oil, which solidified on standing; mp 52—55
°C. H NMR (CDCl3): 400 MHz ¢ 7.59 (d, 1H, J = 15.6 Hz),
7.17 (d, 1H, 3 = 8.1 Hz), 7.01 (s(br), 1H), 6.79 (d, 1H, J = 8.0
Hz), 6.67 (s, 1H), 6.04 (d, 1H, J = 15.6 Hz), 4.18 (q, 2H, J =
7.1 Hz), 3.86 (m, 1H), 2.84—2.82 (m, 2H), 2.11 (m, 1H), 1.94
(m, 1H), 1.79—1.73 (m, 2H), 1.65 (s, 4H), 1.29—1.25 (m, 12H),
1.20 (s, 3H). Low-resolution MS (AP*) m/e 423 (MH*). Anal.
(C27H3402S) C, H, S.

(2E)-3-[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naph-
thalenyl)-4,5,6,7-tetrahydro-1-benzothien-2-yl]-2-prope-
noic Acid (47). Following the procedure to synthesize com-
pound 46a,b, but where ester 42 was used in place of 341,b,
the title compound 47 was obtained in 75% yield (202 mg, 0.51
mmol) as a white solid; mp 225—229 °C decomp. *H NMR
(CDClg): 400 MHz 6 7.68 (d, 1H, J = 15.6 Hz), 7.19 (d, 1H, J
= 8.0 Hz), 7.03 (d, 1H, 3 = 1.6 Hz), 6.80 (dd, 1H, J = 8.0 and
1.7 Hz), 6.73 (s, 1H), 6.04 (d, 1H, J = 15.5 Hz), 3.88 (m, 1H),
2.87—2.85 (m, 2H), 2.12 (m, 1H), 1.97 (m, 1H), 1.81—1.76 (m,
2H), 1.67 (s, 4H), 1.27 (s, 6H), 1.22 (s, 3H), 1.19 (s, 3H). 3C
NMR (100 MHz, CDCls): 6 172.8, 144.9, 143.0, 142.4, 142.3,
140.2,140.1, 135.5, 134.0, 126.6, 126.3, 125.2, 114.3, 42.9, 35.4,
35.3,34.4,34.2,32.9, 32.1, 32.1, 25.9, 22.1. Anal. (C25H300,S)
C,H,S.
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4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzofuran]-2-acetophenone (52).
A flame-dried round bottom flask was charged with 31 (500
mg, 1.6 mmol) and anhydrous ether (25 mL). This solution was
cooled to —78 °C while stirring under a nitrogen blanket. To
this solution was added 1.0 mL of a 2.5 M pentane solution of
tert-butyl lithium (2.5 mmol). The reaction mixture was
allowed to stir for 30 min at which time it was quenched via
the addition of N-methoxy-N-methylacetamide (330 mg, 3.2
mmol). The reaction was allowed to warm to room temperature
where it was stirred for 4.0 h followed by quenching via the
addition of 1.0 N HCI (20 mL). The reaction mixture was
extracted using ether. The organics were separated and dried
over MgSQ, followed by concentration to dryness. The result-
ing oil was chromatographed on silica gel (90% hexanes/10%
EtOAC) to afford 52 (487 mg, 1.39 mmol, 87% yield) as an oil.
IH NMR (CDClg): 400 MHz ¢ 7.20 (d, 1H, J = 8.1 Hz), 7.24
(s, 1H), 7.05 (d, 1H, J = 1.7 Hz), 6.86—6.83 (m, 2H), 3.82 (m,
1H), 2.77-2.74 (m, 2H), 2.37 (s, 3H), 2.04 (m, 1H), 1.82 (m,
1H), 1.72—-1.67 (m, 5H), 1.26—1.22 (m, 12H). Low-resolution
MS (ES*) m/e 351 (MHT).

Ethyl (2E)-3-[4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-
naphthalen-2-yl)-4,5,6,7-tetrahydro-1-benzofuran-2-yl]-
but-2-enoate (53). To a DME solution (10 mL) containing
sodium hydride (149 mg, 3.74 mmol, 60% dispersion in mineral
oil) was added triethylphosphonoacetate (837 mg, 3.74 mmol)
at room temperature. After 5 min, 52 (873 mg, 2.49 mmol) in
10 mL of DME was added. After it was stirred for 30 min at
room temperature, the reaction was heated to 80 °C. After the
reaction was heated overnight and cooled to ambient temper-
ature, the reaction was quenched with H,O. The solution was
poured into additional H,O, and the organics were extracted
with EtOAc. After it was dried over MgSQO,, the solvent was
removed in vacuo and the residual oil was purified on the
Biotage (5—20% EtOAc/hexanes) affording 768 mg (1.83 mmol,
73% yield) of 53 as a 4:1 mixture of diastereomers. The mixture
was taken on. 'H NMR (CDCIz): 400 MHz (major diastere-
omer) 6 7.20 (d, 1H, J = 8.2 Hz), 7.06 (d, 1H, J = 1.6 Hz), 6.86
(dd, 1H, 3 =8.0 and 1.7 Hz), 6.34 (s, 1H), 6.31 (s, 1H), 4.17 (q,
2H,J3=7.2Hz),3.79 (m, 1H), 2.71-2.66 (m, 2H), 2.35 (s, 3H),
2.08 (m, 1H), 1.95 (m, 1H), 1.79 (m, 1H), 1.66—1.62 (m, 5H),
1.31-1.22 (m, 15H). Low-resolution MS (ES™) m/e 421 (MH™).

4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzofuran]-2-(2,3(cis)prope-
noic Acid (54). To a dioxane solution containing 53 (565 mg,
1.34 mmol) was added lithium hydroxide hydrate (565 mg, 13.4
mmol) followed by 3 mL of H,O. The solution was stirred at
room temperature for 3 h and then at 75 °C overnight. After
it was cooled, the solution was dissolved in EtOAc and acidified
with saturated NaHSO,. After it was dried over MgSO., the
solvent was removed in vacuo and the residual solid was
purified on the Biotage (30—60% EtOAc/hexanes) affording 290
mg (0.74 mmol, 55% yield) of 54 as a white solid. By NMR, a
~6:1 ratio of diasteromers was found. Recrystallization in
EtOAc and a minimal amount of CH,ClI, yielded pure 54. 'H
NMR (CDClg): 400 MHz (major diastereomer) 6 7.21 (d, 1H,
J =8.1 Hz), 7.07 (d, 1H, J = 1.8 Hz), 6.87 (dd, 1H, J = 8.0
and 1.8 Hz), 6.41 (s, 1H), 6.34 (s, 1H), 3.80 (m, 1H), 2.73—2.71
(m, 2H), 2.37 (s, 3H), 2.09 (s, 1H), 1.97 (m, 1H), 1.80 (m, 1H),
1.67-1.63 (m, 5H), 1.27-1.23 (m, 12H). HRMS: CyH3,03
requires M + H at m/z 393.2430; found, 393.2438. RP-HPLC,
tr = 4.00 min, 96.0% purity.

4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1-benzofuran-2-carboxylic Acid
(55). A MeOH solution (20 mL) was mixed with 36 (100 mg,
0.30 mmol), 5.0 N NaOH (10 mL), and Ag.O (138 mg, 0.59
mmol. The resulting black heterogeneous reaction mixture was
allowed to stir at room temperature for a period of 17 h. The
reaction mixture was diluted with water and washed with
ethyl ether. The ether washes were discarded, and the aqueous
mixture was made acidic (pH 3.0) using concentrated HCI. The
resulting mixture was extracted with ether and dried over
MgSO.. The solvent was evaporated in vacuo to yield 55 (73
mg, 0.21 mmol, 69% yield). *H NMR (CDClIs): 400 MHz 6 7.20
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(d, 1H, J = 8.1 Hz), 7.04 (s, 1H), 6.98 (s, 1H), 6.83 (d, 1H, J =
7.9 Hz), 3.81 (m, 1H), 2.76—2.75 (m, 2H), 2.12 (m, 1H), 2.02
(m, 1H), 1.82 (m, 1H), 1.70—1.66 (m, 5H), 1.29—1.22 (m, 12H).
HRMS: Cz3H203 requires M + H at m/z 353.2117; found,
353.2106. RP-HPLC, tr = 8.78 min, 89.6% purity.
[4-(5,5,8,8,-Tetramethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1-benzofuran]-2-(2,4-thiazo-
lidinedione) (56). A toluene solution (10 mL) was mixed with
36 (100 mg, 0.30 mmol), 2,5-thiazolidinedione (62 mg, 0.53
mmol), morpholine (200 mg, 2.3 mmol), molecular sieves, and
10 mL of anhydrous toluene. The reaction mixture was stirred
at reflux for 4.0 h at which time it was cooled to 0—5 °C. The
resulting yellow solid was filtered in vacuo and washed with
10 mL of cold toluene. The resulting solid was dried in vacuo
for 17 h to afford 56 (34 mg, 0.08 mmol, 26% yield). *H NMR
(CDCl3): 400 MHz ¢ 8.83 (s(br), 1H), 7.49 (s, 1H), 7.21 (d, 1H,
J = 8.0 Hz), 7.05 (d, 1H, J = 1.7 Hz), 6.85 (dd, 1H, J = 8.0,
1.8 Hz), 6.51 (s, 1H), 3.83 (m, 1H), 2.80—2.76 (m, 2H), 2.14—
2.00 (m, 2H), 1.82 (m, 1H), 1.69—1.66 (m, 5H), 1.28—1.18 (m,
12H). HRMS: CzH29NO3S requires M + H at m/z 436.1946;
found, 436.1935. RP-HPLC, tr = 10.0 min, 88% purity.
4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-1-benzofuran (57). To a dioxane solution (25 mL)
containing 26 (985 mg, 3.04 mmol) was added DDQ (1.73 g,
7.60 mmol). The solution was then heated to 100 °C for 4 h at
which time the dark solution was filtered through a bed of
Celite. The Celite was rinsed thoroughly with Et,O followed
by washing the filtrate with H,O (2x) and then drying over
MgSO,. The solvent was then removed in vacuo, and the
residual dark oil was purified via column chromatography
(hexanes/2% EtOAc) yielding 430 mg (1.42 mmol, 47% yield)
of 57 as a white solid after trituration with hot MeOH and
filtration; mp 153—154 °C. 'H NMR (CDCls3): 400 MHz 6 7.69
(d, 1H, 3 = 2.2 Hz), 7.61 (d, 1H, J = 1.1 Hz), 7.52—7.35 (m,
5H), 6.99 (d, 1H, J = 2.1 Hz), 1.78 (s, 4H), 1.39 (s, 6H), 1.38
(s, 6H). Low-resolution MS (ES*) m/e 305 (MH"). Anal.
(C22H240) C, H.
4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-1-benzofuran-2-carbaldehyde (58). A Et,0O solution (20
mL) containing 57 (2.43 g, 7.99 mmol) cooled to —40 °C had
7.0 mL of a 1.7 M pentane solution of t-BuLi (11.9 mmol) added
to it. The orange solution was stirred for 30 min at which time
DMF (876 mg, 12.0 mmol) was added. The reaction slowly was
warmed to 0 °C over 1 h and was then quenched with H;O.
The solution was poured into H;O, and the organics were
extracted with Et,O. After it was dried over MgSQ,, the solvent
was removed in vacuo and the residual yellow solid was
purified via column chromatography (3% hexanes/EtOAc)
yielding 1.98 g (5.97 mmol, 75% yield) of 58 as a white solid;
mp 122—124 °C. 'H NMR (CDCls): 400 MHz ¢ 9.84 (s, 1H),
7.70 (s, 1H), 7.56—7.34 (m, 6H), 1.73 (s, 4H), 1.34 (s, 6H), 1.33
(s, 6H). 13C NMR (100 MHz, CDCls): ¢ 179.8, 157.0, 153.0,
145.8, 145.3, 138.7, 136.2, 129.6, 127.4, 126.9, 125.9, 125.6,
123.5, 118.3, 111.3, 35.2, 35.1, 34.6, 34.5, 32.2, 32.0. Low-
resolution MS (ES*) m/e 333 (MH™). Anal. (C3H240;) C, H.
Ethyl (2E)-3-[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-
2-naphthalenyl)-1-benzofuran-2-yl]-2-propenoate (59). To
a DME solution (10 mL) containing sodium hydride (358 mg,
8.96 mmol, 60% dispersion in mineral oil) was added trieth-
ylphosphonoacetate (2.01 g, 8.96 mmol) at room temperature.
After 5 min, 58 (1.98 g, 5.97 mmol) in 20 mL of DME was
added. The resulting orange solution was stirred for 30 min
at which time it was quenched with H,O. The solution was
poured into additional H,O, and the organics were extracted
with Et;0. After the solution was dried over MgSO,, the
solvent was removed in vacuo and the residual oil was purified
via column chromatography (3% EtOAc/hexanes) yielding 2.12
g (5.28 mmol, 88% yield) of 59 as a white solid; mp 119-121
°C. IH NMR (CDCls): 400 MHz ¢ 7.54—7.51 (m, 2H), 7.41—
7.33 (m, 4H), 7.29 (dd, 1H, J = 6.6 and 1.8 Hz), 7.08 (s, 1H),
6.56 (d, 1H, J = 15.7 Hz), 4.25 (q, 2H, J = 7.1 Hz), 1.72 (s,
4H), 1.34—1.30 (m, 15H). *C NMR (100 MHz, CDCls): 4 167.0,
156.2, 152.7, 145.5, 144.7, 136.8, 136.6, 131.4, 127.3, 127.0,
126.9, 126.8, 125.8, 122.8, 119.0, 111.2, 110.1, 60.9, 35.3, 35.2,
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34.6, 34.4, 32.2, 32.0, 14.5. Low-resolution MS (ES™) m/e 403
(MH+) Anal. (C27H3003) C, H.
(2E)-3-[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naph-
thalenyl)-1-benzofuran-2-yl]-2-propenoic Acid (60). To a
dioxane solution (2 mL) containing 59 (88 mg, 0.22 mmol) was
added lithium hydroxide hydrate (46 mg, 1.09 mmol) and 0.5
mL of H,O at room temperature. After 2 days, the solution
was acidified with saturated NaHSO,, and the organics were
extracted with EtOAc. After it was dried over MgSQ,, the
solvent was removed in vacuo and the residual liquid was
purified via column chromatography [CH2Cl,/MeOH (15:1)]
yielding 63 mg (0.17 mmol, 76% yield) of 60 as a white solid;
mp 216—219 °C decomp. *H NMR (CDCl3): 400 MHz 6 7.63
(d, 1H, J = 15.5 Hz), 7.53 (d, 1H, J = 1.5 Hz), 7.44—7.32 (m,
5H), 7.16 (s, 1H), 6.60 (d, 1H, J = 15.6 Hz), 1.75 (s, 4H), 1.36
(5, 6H), 1.35 (S, 6H) Anal. (C25H2503) C, H.
2-Methyl-4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1,3-benzoxazol-4-ol (62).
Following the procedure to synthesize compound 26, but where
ketone 61 was used in place of ketone 21, the title compound
62 was obtained in 67% yield (4.0 g, 11.8 mmol) as an oil. *H
NMR (CDCl3): 400 MHz ¢ 7.37 (d, 1H, J = 2.0 Hz), 7.17 (d,
1H, J = 8.3 Hz), 6.91 (dd, 1H, J = 8.2 and 2.0 Hz), 2.68—2.64
(m, 2H), 2.53 (s, 1H, —OH), 2.40 (s, 3H), 2.11-1.95 (m, 3H),
1.78 (m, 1H), 1.63 (s, 4H), 1.25—1.21 (m, 12H).
2-Methyl-4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydro-1,3-benzoxazole (63).
Following the procedure to synthesize compound 31, but where
alcohol 62 was used in place of alcohol 26, the title compound
63 was obtained in 38% vyield (1.44 g, 4.47 mmol). *H NMR
(CDCl3): 400 MHz ¢ 7.13 (d, 1H, J = 8.0 Hz), 7.03 (d, 1H, J =
2.0 Hz), 6.77 (dd, 1H, 3 = 8.1 and 2.0 Hz), 3.83 (m, 1H), 2.65—
2.60 (m, 2H), 2.36 (s, 3H), 2.07 (m, 1H), 1.91 (m, 1H), 1.77—
1.68 (m, 2H), 1.61 (s, 4H), 1.20 (s, 9H), 1.19 (s, 3H).
2-(Bromomethyl)-4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahy-
dro-2-naphthalenyl)-4,5,6,7-tetrahydro-1,3-benzox-
azole (64). To a CCl, solution (60 mL) containing 63 (4.79 g,
14.8 mmol) were added AIBN (24 mg, 0.15 mmol, 1 mol %)
and NBS (3.16 g, 17.8 mmol). The solution was then immersed
in an oil bath, which had been preheated to 90 °C. After 30
min, the solution was allowed to cool to room temperature and
the precipitated succinimide was removed via filtration.
Removal of the solvent in vacuo and purification via column
chromatography [hexanes/EtOAc (15:1)] yielded 2.23 g (5.55
mmol, 37% yield) of 64 as a white foam. *H NMR (CDCls): 400
MHz 6 7.16 (d, 1H, J = 8.1 Hz), 7.02 (d, 1H, J = 1.9 Hz), 6.78
(dd, 1H, J = 8.1 and 1.9 Hz), 4.41 (s, 2H), 2.73—2.67 (m, 2H),
2.12 (m, 1H), 1.94 (m, 1H), 1.82—1.69 (m, 2H), 1.62 (s, 4H),
1.21 (s, 12H).
[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1,3benzoxazol-2-ylJmethyl Ace-
tate (65). To a CH3CN solution (50 mL) containing 64 (2.0 g,
4.98 mmol) was added potassium acetate (978 mg, 9.96 mmol)
at room temperature. The resulting slurry was stirred for 24
h at which time it was diluted with H,O, and the organics were
extracted with EtOAc (2x). After it was dried over MgSO,,
the solvent was removed in vacuo and the residual oil was
purified via column chromatography [hexanes/EtOAc (4:1)]
yielding 1.54 g (4.04 mmol, 81% yield) of 65. 'H NMR
(CDCl3): 400 MHz ¢ 7.15 (d, 1H, 3 = 8.1 Hz), 7.03 (d, 1H, J =
1.9 Hz), 6.78 (dd, 1H, J = 8.1 and 1.9 Hz), 5.08 (s, 2H), 3.90
(m, 1H), 2.72—-2.66 (m, 2H), 2.13—2.08 (m, 4H), 1.94 (m, 1H),
1.79-1.73 (m, 2H), 1.62 (s, 4H), 1.21 (s, 6H), 1.20 (s, 6H).
[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1,3-benzoxazol-2-ylJmethanol
(66). To a MeOH solution (50 mL) containing 65 (1.62 g, 4.24
mmol) was added 75 uL of H,O and potassium carbonate (1.17
g, 8.48 mmol) at room temperature. After 15 min, the solution
was diluted with H,O and the organics were extracted with
EtOAc. After the solution was dried over MgSQO,, the solvent
was removed in vacuo yielding 1.33 g (3.92 mmol, 92% yield)
of 66 as a white solid, which was pure enough to take on. *H
NMR (CDCls): 400 MHz ¢ 7.15 (d, 1H, J = 8.1 Hz), 7.04 (d,
1H,J = 1.4 Hz), 6.77 (dd, 1H, J = 8.1 and 1.6 Hz), 4.62—4.51
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(m, 2H), 3.89 (m, 1H), 2.69—-2.64 (m, 2H), 2.48 (t, 1H, J = 6.4
Hz), 2.10 (m, 1H), 1.92 (m, 1H), 1.78—1.72 (m, 2H), 1.62 (s,
4H), 1.22 (s, 6H), 1.21 (s, 3H), 1.20 (s, 3H).
4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthale-
nyl)-4,5,6,7-tetrahydro-1,3-benzoxazole-2-carbaldehyde
(67). To a CH,CI; solution (30 mL) containing 66 (1.43 g, 4.23
mmol), NMO (743 mg, 6.34 mmol), and 2.1 g of 4 A powdered
molecular sieves was added TPAP (74 mg, 0.21 mmol, 5 mol
%). After the solution was stirred for 30 min at room temper-
ature, the dark slurry was filtered through a bed of Celite.
The Celite was rinsed thoroughly with CHClI,, and then, the
solvent was removed in vacuo. The residual dark oil was
purified via column chromatography [hexanes/EtOAc (4:1)]
yielding 671 mg (1.99 mmol, 47% vyield) of 67. 'H NMR
(CDCl3): 400 MHz 6 9.62 (s, 1H), 7.19 (d, 1H, J = 8.1 Hz),
7.04 (d, 1H, 3 = 1.8 Hz), 6.77 (dd, 1H, J = 8.1 and 1.9 Hz),
4.00 (m, 1H), 2.84—2.79 (m, 2H), 2.18 (m, 1H), 1.86—1.80 (m,
2H), 1.63 (s, 4H), 1.23 (s, 6H), 1.22 (s, 3H), 1.21 (s, 3H).
Ethyl (2E)-3-[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-
2-naphthalenyl)-4,5,6,7-tetrahydro-1,3-benzoxazol-2-yl]-
2-propenoate (68). To a DME solution (10 mL) containing
sodium hydride (121 mg, 3.03 mmol, 60% dispersion in mineral
oil) was added triethylphosphonoacetate (679 mg, 3.03 mmol)
at room temperature. To this solution was added 67 (682 mg,
2.02 mmol) in 10 mL of DME. After 15 min, the reaction was
quenched with H,O and the organics were extracted with Et;0.
After it was dried over MgSO,, the solvent was removed in
vacuo and the residual oil was purified via column chroma-
tography [hexanes/EtOAc (9:1)] yielding 648 mg (1.59 mmol,
79% yield) of 68. 'H NMR (CDCl3): 400 MHz 6 7.36 (d, 1H, J
=16.0 Hz), 7.15 (d, 1H, J = 8.1 Hz), 7.04 (d, 1H, J = 1.9 Hz),
6.77 (dd, 1H, J = 8.1 and 1.9 Hz), 6.61 (d, 1H, J = 16.1 Hz),
4.21(q, 2H, J = 7.2 Hz), 3.93 (m, 1H), 2.75—2.69 (m, 2H), 2.12
(m, 1H), 1.95 (m, 1H), 1.82—1.75 (m, 2H), 1.61 (s, 4H), 1.27 (t,
3H, J = 7.1 Hz), 1.21 (s, 6H), 1.20 (s, 6H).
(2E)-3-[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naph-
thalenyl)-4,5,6,7-tetrahydro-1,3-benzoxazol-2-yl]-2-pro-
penoic Acid (69). To a dioxane solution (12 mL) containing
68 (645 mg, 1.58 mmol) was added 3 mL of H,O followed by
lithium hydroxide hydrate (664 mg, 15.8 mmol). After it was
stirred overnight at room temperature, the reaction was
acidified with saturated NaHSO, and the organics were
extracted with EtOAc. After the organics were dried over
MgSO, and the solvent was removed in vacuo, the residual
material was purified via column chromatography [CH.Cl./
MeOH (9:1)] affording 599 mg (1.58 mmol, 100% yield) of 69
as an off-white solid; mp 176—178 °C. 'H NMR (CDClz): 400
MHz 6 7.44 (d, 1H, J = 15.9 Hz), 7.16 (d, 1H, J = 8.1 Hz),
7.05 (d, 1H, 3 = 1.9 Hz), 6.78 (dd, 1H, J = 8.1 and 1.9 Hz),
6.62 (d, 1H, J = 16.1 Hz), 3.95 (m, 1H), 2.78—2.72 (m, 2H),
2.15 (m, 1H), 1.96 (m, 1H), 1.82—1.77 (m, 2H), 1.62 (s, 4H),
1.22 (s, 6H), 1.21 (s, 6H). HRMS: Cz4H2sNO3 requires M + H
at m/z 380.2226; found, 380.2218. RP-HPLC, tg = 8.88 min,
90.6% purity. Anal. (C24H29NO3): H, N; C required 75.96;
found, 74.78%.
[4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphtha-
lenyl)-4,5,6,7-tetrahydro-1-benzothiaphene]-2-propion-
ic Acid (51). A solution was made containing EtOAc (20 mL),
47 (200 mg, 0.51 mmol), and Pearlman’s catalyst (50 mg). The
reaction mixture was degassed in vacuo and stirred under a
hydrogen atmosphere (1 atm) for a period of 2.0 h. The reaction
mixture was degassed and filtered over Celite in vacuo. The
resulting solution was concentrated to dryness in vacuo. The
resulting oil was dissolved into Et,O and washed with satu-
rated NaCl. The organics were dried (MgSO,) and concentrated
to afford 51 (176 mg, 0.44 mmol, 87% vyield). 'H NMR
(CDClg): 400 MHz ¢ 7.20 (d, 1H), 7.00 (s, 1H), 6.80 (d, 1H),
6.13 (s, 1H), 3.82 (m, 1H), 3.00 (t, 2H), 2.80 (m, 2H), 2.61 (t,
2H), 2.17—2.03 (m, 1H), 1.97—1.80 (m, 1H), 1.78—1.62 (m, 6H),
1.30—1.17 (m, 12H). HRMS: C2s5H3,0,S requires M + 1 at m/z
397.2201; found, 397.2202. RP-HPLC, tr = 6.18 min, 100%
purity.
Ethyl 4-Hydroxy-4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahy-
dro-2-naphthalenyl)-4,7-dihydrofuro[2,3-c]pyridine-6(5H)-
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carboxylate (71). Following the procedure to synthesize
compound 26, but where ketone 70 was used in place of ketone
21, the title compound 71 was obtained in 50% yield (2.56 g,
6.45 mmol) as a waxy solid; mp 56—57 °C. *H NMR signals
were very broad due to rotamers; however, GC-MS showed 1
peak.

Ethyl 4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naph-
thalenyl)-4,7-dihydrofuro[2,3-c]pyridine-6(5H)carboxy-
late (72). Following the procedure to synthesize compound 31,
but where alcohol 71 was used in place of alcohol 26, the title
compound 72 was obtained in 48% yield (149 mg, 0.38 mmol)
as a white solid; mp 92—94 °C. 'H NMR signals were very
broad due to rotamers. Low-resolution MS (ES*) m/e 382
(MHT); 100% by GC.

6-Methyl-4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7-tetrahydrofuro[2,3-c]pyridine (73).
To a THF solution (10 mL) containing 72 (528 mg, 1.39 mmol)
was added 3.5 mL of a 1.0 M Et,O solution of LiAIH, (3.5
mmol) at room temperature. The resulting solution was then
heated to reflux for 30 min. After it was cooled to room
temperature, the reaction was carefully quenched with 1 mL
of 2.0 M NaOH. The heterogeneous solution then had MgSO,4
added to it and was diluted with Et,O. The slurry was filtered
through a bed of Celite and rinsed thoroughly with Et,O. The
filtrate was washed with 2.0 M NaOH and dried (MgSOQO,), and
the solvent was removed in vacuo. The residual oil was purified
via column chromatography [hexanes/EtOAc (1:1)] yielding 353
mg (1.10 mmol, 79% yield) of 73 as a colorless oil. *H NMR
(CDCl3): 400 MHz 6 7.25(d, 1H,J=1.4Hz), 7.18 (d, 1H,J =
8.1 Hz), 7.09 (d, 1H, J = 1.9 Hz), 6.90 (dd, 1H,J=8.1and 1.9
Hz), 6.10 (d, 1H, J = 1.8 Hz), 3.97 (m, 1H), 3.69 (d, 1H, J =
14.4 Hz), 3.38 (dd, 1H, J = 14.3 and 2.4 Hz), 2.99 (dd, 1H, J
= 11.6 and 5.1 Hz), 2.45 (2, 3H), 2.34 (dd, 1H, J = 11.6 and
9.2 Hz), 1.65 (s, 4H), 1.24—1.22 (m, 12H). *C NMR (100 MHz,
CDCl3): 6149.0,144.7, 143.0, 140.8, 139.2, 126.4, 126.1, 125.2,
118.2,109.8, 62.2, 52.3, 45.3, 40.1, 35.2, 35.1, 34.2, 34.0, 31.9,
31.8, 31.8, 31.8. Low-resolution MS (ES*) m/e 324 (MH™).

6-Methyl-4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthalenyl)-4,5,6,7tetrahydrofuro[2,3-c]pyridin-2-car-
baldehyde (74). To a Et,0 solution (8 mL) containing 73 (350
mg, 1.08 mmol) cooled to —40 °C was added 1.9 mL of a 1.7 M
pentane solution of t-BuLi (3.25 mmol). The yellow solution
was allowed to warm to —30 °C where it was held. After 30
min, DMF (237 mg, 3.24 mmol) was added. The reaction slowly
warmed and was quenched with H,O after 15 min. The orange
solution was poured into additional H,O, and the organics were
extracted with Et,O. After the organics were dried over MgSO,,
the solvent was removed in vacuo and the residual oil was
purified via column chromatography [EtOAc/hexanes (3:2)]
yielding 194 mg (0.55 mmol, 51% yield) of 74 as an oil. *H NMR
(CDCls): 400 MHz 6 9.47 (s, 1H), 7.20 (d, 1H, J = 8.1 Hz),
7.07 (d, 1H, 3 = 1.9 Hz), 6.94 (s, 1H), 6.86 (dd, 1H, J = 8.0
and 1.9 Hz), 4.0 (m, 1H), 3.78 (d, 1H, J = 16.1 Hz), 3.45 (dd,
1H,J =16.0 and 2.1 Hz), 3.03 (dd, 1H, J = 12.0 and 5.3 Hz),
2.48 (s, 3H), 2.41 (dd, 1H, J = 12.0 and 9.1 Hz), 1.67 (s, 3H),
1.26—1.18 (m, 12H). *C NMR (100 MHz, CDClz): 6 167.3,
152.4, 149.7, 144.9, 143.3, 138.5, 131.2, 126.6, 126.0, 125.1,
121.7,115.4,114.2,61.9, 60.3, 52.2, 45.3, 40.0, 35.1, 35.0, 34.2,
34.0, 31.9, 31.8, 31.8, 14.3. Low-resolution MS (ES™) m/e 352
(MH™).

Ethyl (2E)-3-[6-Methyl-4-(5,5,8,8-tetramethyl-5,6,7,8-
tetrahydro-2-naphthalenyl)-4,5,6,7-tetrahydrofuro[2,3-c]-
pyridin-2-yl]-2-propenoate (75). To a DME solution (2 mL)
containing sodium hydride (33 mg, 0.83 mmol, 60% dispersion
in mineral oil) was added triethylphosphonoacetate (186 mg,
0.83 mmol) at room temperature. After 5 min, 74 (194 mg,
0.55 mmol) in 2 mL of DME was added. The reaction was
stirred for 20 min at which time it was quenched with H,0.
The solution was poured into additional H,O, and the organics
were extracted with Et,O. After the organics were dried over
MgSO., the solvent was removed in vacuo and the residual
oil was purified via column chromatography [hexanes/EtOAc
(3:2)] yielding 169 mg (0.30 mmol, 71% yield) of 75 as an oil.
IH NMR (CDCl3): 400 MHz ¢ 7.31 (d, 1H, J = 15.5 Hz), 7.19
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(d, 1H, 3 = 8.1 Hz), 7.06 (d, 1H, J = 1.7 Hz), 6.88 (dd, 1H, J
=8.2and 1.7 Hz), 6.32 (s, 1H), 6.20 (d, 1H, 3 = 15.7 Hz), 4.19
(9, 2H, J = 7.1 Hz), 3.95 (m, 1H), 3.72 (d, 1H, J = 15.6 Hz),
3.42 (dd, 1H, 3 =15.4 and 2.2 Hz), 2.99 (dd, 1H, J = 11.8 and
5.3 Hz), 2.46 (s, 3H), 2.36 (dd, 1H, J = 11.8 and 9.4 Hz), 1.64
(s, 4H), 1.28 (t, 3H, J = 7.1 Hz), 1.24—-1.21 (m, 12H). 3C NMR
(100 MHz, CDCls): 6 167.3, 152.4, 149.7, 144.9, 143.3, 138.5,
131.2,126.6, 126.0, 125.1, 121.7, 115.4, 114.2, 61.9, 60.3, 52.2,
45.3, 40.0, 35.1, 35.0, 34.2, 34.0, 31.9, 31.8, 31.8, 14.3. Low-
resolution MS (ES*) m/e 422 (MH™).

(2E)-3-[6-Methyl-4-(5,5,8,8,-tetramethyl-5,6,7,8-tetrahy-
dro-2-naphthalenyl)-4,5,6,7-tetrahydro[2,3-c]pyridin-2-
yl]-2-propenoic Acid (76). To a dioxane solution (2 mL)
containing 75 (169 mg, 0.39 mmol) was added lithium hydrox-
ide hydrate (164 mg, 3.92 mmol) followed by 0.7 mL of H0.
The reaction went for 24 h at room temperature at which time
702 mg of NaHSO, was added along with H,O and EtOAc.
After it was stirred for 10 min, the solution was poured into
additional H,O and the organics were extracted with EtOAc.
After the organics were dried over MgSO,, the solvent was
removed in vacuo and the residual material was purified via
column chromatography [CH.Cl,/MeOH (9:1)] affording 101
mg (0.26 mmol, 66% yield) of 76 as an off-white solid; mp 128—
130 °C decomp. *H NMR (CDCl3): 400 MHz 6 7.32 (d, 1H, J
=15.7 Hz), 7.28 (d, 1H, J = 8.1 Hz), 7.23 (d, 1H, J = 1.5 Hz),
6.96 (dd, 1H, J = 8.2 and 1.6 Hz), 6.22 (d, 1H, J = 15.7 Hz),
4.46 (d, 1H, J = 15.6 Hz), 4.36 (m, 1H), 4.30 (d, 1H, J = 15.6
Hz), 3.63 (dd, 1H, J = 12.2 and 5.4 Hz), 3.13 (t, 1H, J = 11.7
Hz), 2.98 (s, 3H), 1.68 (s, 4H), 1.26—1.22 (m, 12H). Low-
resolution MS (ES™) m/e 392 (M — 1). Anal. (CzsH3:NO3-1/
2H,0) C, H, N

Biological Assays. Expression of RXRa LBD. The RXRa
LBD construct (amino acids 225—462) was expressed in
Escherichia coli strain BL21(DE3) as an amino-terminal
polyHistidine-tagged fusion protein. Expression was under the
control of an IPTG inducible T7 promoter. DNA encoding this
recombinant protein and a modified histidine tag were sub-
cloned into the expression vector pRSETa (Invitrogen). The
sequence of the modified polyHistidine tag (MKKGHHHH-
HHG) was fused in frame to residues 225—462 of RXRa. (The
sequence used in our construction of RXRo LBD was derived
from Genbank accession number X52773). The resulting
complete encoded sequence is as follows: MKKGHHHHHHG
SANEDMPVER ILEAELAVEP KTETYVEANM GLNPSSP-
NDP VTNICQAADK QLFTLVEWAK RIPHFSELPL DDQ-
VILLRAG WNELLIASFS HRSIAVKDGI LLATGLHVHR
NSAHSAGVGA IFDRVLTELV SKMRDMQMDK TELGCL-
RAIV LFNPDSKGLS NPAEVEALRE KVYASLEAYC KH-
KYPEQPGR FAKLLLRLPA LRSIGLKCLE HLFFFKLIGD
TPIDTFLMEMLEAPHQMT.

Ten liter fermentation batches were grown in Rich PO4
media with 0.1 mg/mL Ampicillin at 25 °C for 12 h, cooled to
9 °C, and held at that temperature for 36 h to a density of
ODegoo = 14. At this cell density, 0.25 mM IPTG was added
and induction proceeded for 24 h at 9 °C, to a final ODgy =
16. Cells were harvested by centrifugation (20 min, 3500g, 4
°C), and concentrated cell slurries were stored in PBS at —80
°C.

Purification of RXRa LBD. Routinely, 40—50 g of frozen
cell paste (equivalent to 2—3 L of the fermentation batch) was
thawed and resuspended in 300 mL of tris-buffered saline
(TBS), pH 7.2 (25 mM Tris, 150 mM NacCl). Cells were lysed
by three passages through a homogenizer (Rannie), and cell
debris was removed by centrifugation (30 min, 20 000g, 4 °C).
The cleared supernatant was filtered through coarse prefilters
and TBS, pH 7.2, containing 500 mM imidazole was added to
obtain a final imidazole concentration of 50 mM. This lysate
was loaded onto a column (3 cm x 8 cm) packed with
Sepharose (Ni** charged) Chelation resin (Pharmacia) and
preequilibrated with TBS, pH 7.2, containing 50 mM imida-
zole. After it was washed to baseline absorbance, the column
was developed with a linear gradient of 50—500 mM imidazole
in TBS, pH 7.2. Column fractions were pooled and dialyzed
against TBS, pH 7.2, containing 5 mM DTT and 0.5 mM
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EDTA. After dialysis, the sample was concentrated using
Centri-prep 10K (Amicon) and subjected to size exclusion with
a column (3 cm x 90 cm) packed with Sepharose S-75 resin
(Pharmacia) preequilibrated with the same buffer.

Biotinylation of Human RXR LBD. Purified RXRa. LBD
was desalted/buffer exchanged using PD-10 gel filtration
columns into phosphate-buffered saline (PBS) (100 mM Na-
Phosphate, pH 7.2, 150 mM NaCl). RXRo LBD was diluted to
approximately 25 uM in PBS, and a 5-fold molar excess of
N-hydroxysuccinimide long chain biotin (Pierce) was added in
a minimal volume of PBS. This solution was incubated with
gentle mixing for 60 min at ambient room temperature. The
biotinylation modification reaction was stopped by the addition
of 2000x molar excess of Tris-HCI, pH 8. The modified RXRa
LBD was dialyzed against four buffer changes, each of at least
50 volumes, TBS containing 5 mM DTT, 2 mM EDTA, and
2% sucrose. The biotinylated RXRo. LBD was subjected to mass
spectrometric analysis to reveal the extent of modification by
the biotinylation reagent. Approximately 85% of the protein
had at least a single site of biotinylation, the mean extent of
biotinylation was 1.8 mol of biotin per mole of LBD, and the
overall extent of biotinylation followed a normal distribution
of multiple sites, ranging from one to four.

Expression of RARa LBD. Human RARa LBD was
expressed in E. coli strain BL21(DE3) as an amino-terminal
polyhistidine-tagged fusion protein. Expression was under the
control of an IPTG inducible T7 promoter. DNA encoding the
recombinant protein was subcloned into the pRSETa expres-
sion vector (Invitrogen). Sequence encoding a modified poly-
histidine tag (MKKGHHHHHHG) was fused in frame to
sequence encoding residues 146—432 of RARa (X06538). The
resulting complete encoded sequence is as follows: MKKGH-
HHHHH GESYTLPEV GELIEKVRKA HQETFPALCQ LGK-
YTTNNSS EQRVSLDIDL WDKFSELSTK CIIKTVEFAK
QLPGFTTLTI ADQITLLKAA CLDILILRIC TRYTPEQDTM
TFSDGLTLNR TQMHNAGFGP LTDLVFAFAN QLLPLEM-
DDA ETGLLSAICL ICGDRQDLEQ PDRVDMLQEP LLEALK-
VYVR KRRPSRPHMF PKMLMKITDL RSISAKGAER VITLK-
MEIPG SMPPLIQEML ENSEGLDTLS GQPGGGGRDG GGL-
APPPGSC SPSLSPSSNR SSPATHSP.

Cells were grown in 12 1 L flasks at ~25 °C in Luria—
Bertani (LB) medium with 0.1 mg/mL carbenicillin for ap-
proximately 20 h. Cells were harvested by centrifugation, and
concentrated cell slurries were stored in TBS, pH 8.0, at —80
°C.

Purification of RARa LBD. Approximately 66 g of wet
cell paste was resuspended in ~400 mL of TBS, pH 8.0 (25
mM Tris, 150 mM NaCl). Cells were lysed by passing three
times through an APV Rannie MINI-lab homogenizer, and cell
debris was removed by centrifugation (30 min, 20 000g, 4 °C).
The cleared supernatant was filtered through coarse prefilters,
and TBS, pH 8.0, containing 500 mM imidazole was added to
obtain a final imidazole concentration of 50 mM. This lysate
was loaded onto a column (XK-26, 10 cm) packed with
Sepharose (Ni++ charged) Chelation resin (Pharmacia) and
preequilibrated with TBS (pH 8.0)/50 mM imidazole. After it
was washed to baseline absorbance with equilibration buffer,
the column was washed with approximately one column
volume of TBS, pH 8.0, containing 95 mM imidazole. RARa
LBD (146—432) was eluted with a gradient from 50 to 500 mM
imidazole. Column peak fractions were pooled immediately and
diluted 5-fold with 25 mM Tris, pH 8.0, containing 5% 1,2-
propanediol, 0.5 mM EDTA, and 5 mM DTT. The diluted
protein sample was then loaded onto a column (XK-16, 10 cm)
packed with Poros HQ resin (anion exchange). After it was
washed to baseline absorbance with the dilution buffer, the
protein was eluted with a gradient from 50 to 500 mM NacCl.
Peak fractions were pooled and concentrated using Centri-prep
10K (Amicon) and subjected to size exclusion, using a column
(XK-26, 90 cm) packed with Superdex-75 resin (Pharmacia)
preequilibrated with TBS, pH 8.0, containing 5% 1,2-pro-
panediol, 0.5 mM EDTA, and 5 mM DTT.
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Biotinylation of Human RAR LBD. Biotinylation of the
purified RARa LBD was carried out analogously to RXRo
LBD.

Radioligand Binding Assays. Ligand binding to either
purified human RXRa or RARa LBD was measured using
scintillation proximity assay similar to that described for
PPARy.18 Each well contained (100 uL total volume) receptor-
coated beads, 2.5 nM 9-cis-[*H]retinoic acid, and the desired
concentration of test compound(s) or controls. To each well to
be assayed was added the desired concentration of the previ-
ously prepared solution of 9-cis-[*H]retinoic acid previously
incubated with receptor-coated SPA bead slurry (80 uL). In
general, the total volume was held constant by varying the
concentration and volume of radioligand to compensate for any
changes in the volume of a particular set of samples, whereas
the concentration and volume of receptor-coated bead stock
were held constant. The plates were incubated for at least 1 h
at room temperature and bound radioactivity for each well was
determined in a Wallac 1450 Microbeta counter. During this
incubation, the plates were protected from direct laboratory
light. Kj calculations are made using the I1Cso and the Cheng—
Prusoff equation: K; = ICso/1 + ([L]/Kq) where [L] = ligand
concentration of free radioligand used in the assay and 1Cso =
molar concentration that produces 50% of maximal possible
inhibition.

Cell-Based Functional Assay. RARa and RXRa Tran-
scriptional Assays. CV-1 cells were maintained and tran-
siently transfected essentially as previously described.?” RARa
was transfected as a galactose4-LBD (GAL4-LBD) chimera
construct in combination with an upstream activation se-
quence—thymidine kinase—luciferase (UAS-tk-luciferase) re-
porter construct and p-actin secreted placental alkaline phos-
phatase (SPAP) as internal control. The RAR GAL4 expression
construct was prepared as previously described.?® RXRa was
tested as a full-length receptor expression construct cotrans-
fected with a cellular retinol binding protein-tk-SPAP (pCRB-
P11-tk-SPAP) reporter construct?® and -galactosidase expres-
sion vector pCH110 (Amersham Pharmacia Biotech, Piscataway,
NJ) as internal control. Drug stocks were prepared in DMSO
and were diluted in phenol red-free Dulbecco’'s modified Eagle
medium with 15 mM HEPES supplemented with 10% charcoal-
stripped, delipidated calf serum (Sigma). Cells were incubated
for 24 h in the presence of drugs after which the medium was
sampled and assayed for ALP activity. Cell extracts from cells
transfected with RAR were assayed for -galactosidase activ-
ity. Luciferase reporter activity was measured using the
LucL.ite assay system (Packard Instrument Co., Meridian, CT).
The equation used to calculate ECso values is as follows:
response = (B x Kn + M x Xn)/(Kn + Xn), where B = the
response at 0 dose, M = the response for infinite dose, K =
the dose fitting response of 50% between M and B, and n =
the Hill coefficient.

Cell-Based Functional Assays: Lipogenesis and ALP.
C3H10T1/2 clone 8 fibroblasts (American Type Culture Col-
lection) were grown in DMEM high glucose containing 10%
fetal calf serum. Adipogenesis was induced by adding 1 uM
BRL49653 and 200 nM insulin to near confluent cells in 96
well microtiter plates as previously described.’® Various
concentrations of RXR ligands were added to the cells upon
induction of adipogenesis. After 7 days in culture, triglyceride
accumulation, a surrogate marker for lipogenesis, was mea-
sured using the Sigma Diagnostic Glycerol-Triglyceride assay
(Trinder reagent 337; Sigma, St. Louis, MO). ALP activity was
measured using Sigma-Fast pNPP substrate (N-2770) accord-
ing to the manufacturer’s specification (Sigma).

Experimental Animal Protocol. Age- and weight-matched
male diabetic (db/db) mice (Jackson Labs, Bar Harbor, ME)
and ZDF rats (Genetic Models, Indianapolis, IN) were housed
at 72 °F and 50% relative humidity with a 12 h light and dark
cycle. Animals (12 mice/group and six rats/group) at 8 weeks
of age were orally gavaged once daily (8:00—9:00 AM) with
vehicle (0.5% hydroxypropylmethylcellulase/0.1% Tween 80)
or compound 46a,b in vehicle. After 2 weeks of dosing, the
animals were anesthetized with isofluorane, blood was drawn
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by cardiac puncture, and serum was collected for measure-
ments of nonfasting glucose, glycohemoglobin, triglyceride,
nonesterified free fatty acid, and aspartate aminotransferase
levels. All serum chemistry tests, with the exception of
glycohemoglobin, were determined using an automated chem-
istry analyzer (Technicon Axon). Glycohemoglobin measure-
ments were performed using a Columnmate Analyzer (Helena
Instrument). Body and liver weights were recorded at the end
of the study. Data were calculated as the mean and standard
error from experiments performed on six rats and 12 mice per
treatment group. Two-tailed tests were performed to calculate
P values. This research complied with the principles of
laboratory animal care (NIH publication No. 86-23, revised
1985) and company policy on the care and use of animals and
related codes of practice.

Homology Modeling. The available RXRa apo structure
(1LBD) was used as the starting point for the model of the
“active” model of the LBD of RXRo.. There were two areas that
were remodeled. Residue Ser 259 to Leu 276 of RXRa was
remodeled using the RARy crystal structure (2LBD) available
from the protein databank. Also, the C-terminal half of helix
10/11 to the end of helix 12 (Glu 434 to Pro 458) was remodeled
using the same RARy structure. There were no gaps in the
alignment. The nonidentical residues were manually rotated
to relieve any bad contacts using the residue libraries within
the HOMOLOGY module of the program Insightll. Minimiza-
tion was done using the Discover cvff force field.3°

Docking. Docking was done using the growth procedure
within the MVP program.3! The carboxylate positions from the
cocrystallized ligand 9-cis-retinoic in the RAR crystal structure
were used as the anchor positions for the docking procedure.
A 1.25 A maximum displacement was allowed for the carboxy-
late oxygens positions, and no other restraints were used
during the growth procedure.

Protein Preparation and Crystallization of the RXRa:
PPARy Heterodimer. The heterodimer protein reagent was
expressed, purified, and crystallized as previously described.®
In this work, pooled aliquots with equimolar amounts of RXRa
and PPARy were complexed with approximately 5 mol equiv
of a racemic mixture of 46a,b, farglitazar, and 2 mol equiv
each of LxxLL motif peptides derived from the SRC-1 (Ac-
CPSSHSSLTERHKILHRLLQEGSPS-NH,) or CBP (Ac-NLVP-
DAASKHKQLSELLRGGSGS-NHy) coactivator proteins. Prior
to crystallization, the sample was filtered and concentrated
to about 10 mg/mL. Room temperature hanging drops contain-
ing 1 uL each of protein complex and well buffer composed of
17% PEG 4K, 200 mM NaSCN, 8% ethylene glycol, and 8%
glycerol produced crystals within a couple of weeks. The
crystals were taken directly from the drops and flash-frozen
in liquid nitrogen.

X-ray Data Collection and Structure Determination.
X-ray diffraction data were collected with a MAR 165 CCD
detector at sector 171D of the IMCA beam line facility within
the Argonne National Labs. The observed reflections were
reduced, merged, and scaled with Denzo and Scalepack®? in
the HKL2000 package. Crystals of (S)-46a,b and farglitazar
complex diffracted to 2.4 A and occupied the P212121 space
group (a = 46.7 A, b = 54.6 A, and ¢ = 211.7 A) with one
heterodimer complex in the asymmetric unit. The structure
was determined by molecular replacement methods with the
CCP4 AmoRe program (Collaborative Computational Project),
using our published 2.1 A RXRo:PPARy structure.’® Phases
from the molecular replacement solutions were used to calcu-
late the initial electron density maps that displayed the six
component complex. Subsequent structure building was per-
formed with Quanta 2000 and refined with CNX 2000.3* The
final structure for the (S)-46a,b:farglitazar structure with one
heterodimer complex and 196 water molecules has an R factor
of 22.8% and free R of 25.0%. The structure coordinates are
deposited under access code 1RDT at the Protein Data Bank
(Www.rcsb.org).
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