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ABSTRACT OF DISSERTATION 
GRADUATE SCHOOL, UNIVERSITY OF ALABAMA AT BIRMINGHAM

Degree Ph.D. Program Chemistry___________________________________________

Name o f Candidate Kimberly Kav Vines______________________________________

Committee Chairs Wayne J. Brouillette and Donald D. Muccio____________________

Title Design o f Cnnfnrmationallv Defmed Retinoids. Synthesis. Nuclear____________

Receptor Binding, and Transcriptional Activity of Derivatives of (9Z1-UAB30 

Retinoic Acid (RA) and synthetic retinoids interact with hormone nuclear recep

tors (RARs and RXRs), and regulate transcription of genes that control cell processes 

such as differentiation, proliferation and apoptosis. Due to these effects, retinoids have 

also been shown to prevent and treat different types of cancer. The N-methyl nitrosourea 

(MNU) carcinogen initiates mammary cancer in rats and retinoids have been shown to 

prevent those tumors. The capacity of (9Z)-UAB30, an RXR-selective retinoid, to pre

vent mammary cancer in rats was studied using the MNU-initiated model for mammary 

chemoprevention. It was shown that at a 200 mg/kg diet dose, this retinoid was very ef

fective in tumors and was also nontoxic at this dose. In order to further assess the che- 

mopreventive activity of (9Z)-UAB30 in rats, large quantities of this retinoid (10-75 g) 

were required. The previously reported synthesis of (9Z)-UAB30 was altered to make it 

amenable to large-scale preparations. The results from the chemoprevention assay indi

cate that (9Z)-UAB30 may have clinical potential in the treatment o f breast cancer.

Further, we explored the requirements for RXR potency and selectivity o f (9Z)- 

UAB30 by creating a series of tetraene analogs whereby the hydrophobic dihydronaph

thalene ring was substituted with methyl and methoxy groups. Of the five (9Z)-UAB30

ii
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analogs prepared, (2£,4£,6Z,8£)-8-(4’-Methyl-3 \4 ’-dihydro-1 ’(2’H)-naphthalen-1 ’-

ylidene)-3,7-dimethyl-2,4,6-octatrienoic Acid exhibited greater RXR transactivation ac

tivity than 9-cis RA accompanied by an enhancement in RAR (a, P, y) transactivation ac

tivity. In an effort to enhance the selectivity of (9Z)-UAB30, we changed the size of the 

cyclohexenyl portion of the dihydronaphthalene ring. The ring-expanded analog, 

(2£,4£,6Z,8£)-8-(6\7\8\9’-Tetrahydro-benzocyclohepten-5’-ylidene)-3,7-dimethyl- 

2,4,6-octatrienoic Acid, showed improved RXR transactivation activity in comparison to 

(9Z)-UAB30. Finally, we investigated the effect on receptor potency and selectivity of 

replacing the dienoic terminus of (9Z)-UAB30 with a 4-amino benzoic acid group, which 

is a strategy that resulted in three RARy-selective compounds.
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INTRODUCTION

Retinoic acid (RA) is a hormone that regulates cellular processes such as prolif

eration, differentiation, and apoptosis. Since tumors occur due to uncontrolled cell pro

liferation and defective signaling pathways involved in differentiation, RA has found util

ity in the treatment and prevention of different cancers. Shown in Figure 1, the two most 

important isomers biologically are (all-trans)-RA (1) and 9-cis RA (2), which are respon

sible for the pleiotropic effects of retinoids through binding of retinoid nuclear receptors 

and other retinoid binding proteins. The term “retinoid” first referred to a class of com

pounds that were structurally related to RA (structure in Figure 1). This class of com

pounds is defined by four isoprenoid units joined in a  head to tail manner. Many reti

noids may be formally derived from this monocyclic parent compound containing five 

carbon-carbon double bonds and a functional terminal group at the terminus of the 

acyclic portion.1 However, the term retinoid has been broadened considerably in the past 

20 years, and it now defines compounds that do not share these structural features, but 

which share common biological properties of RA.

Vitamin A or retinol is derived from the chemical breakdown offJ-carotene, 

which has received much attention in the past decade due to its antioxidant and possible 

capacity to prevent some cancers. Figure 2 shows the two possible pathways for the in 

vivo conversion of p-carotene to vitamin A.2 First, retinol 8 is esterified using long-chain 

fatty acids. The retinyl ester is stored in the liver until it is needed by peripheral tissue,

1
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2

and then the retinyl esters are converted to retinol by an esterase. Retinol can be oxidized 

via retinal to RA 1 by nicotinamide adenine dinucleotide phosphate (NADPH)-dependent 

dehydration. The alternative pathway involves the cleavage of P-carotene to yield two 

aldehyde molecules 7, which then undergo oxidation to RA 1 or reduction to retinol 8.

C02H

Figure 1. Major naturally occurring isomers of Retinoic Acid.

Retinol was first observed by Stepp in 19093 and described by McCollum and 

Davis m 1915 as “fat soluble A.”4 It was isolated from animal fats and fish oils and 

shown to be associated with growth-promoting activity. Drummond later suggested that 

the “fat soluble A” should be named vitamin A.5 Vitamin A deficiency was associated 

with xeropthalmia and night blindness. Wald supported these observations with a series 

of experiments that identified retinal as the pigment obtained from bleached retinas.6 The 

structure of vitamin A was solved by Karrer et al. using a highly purified extract from 

shark liver.7 Prior to World War U, vitamin A was obtained from fish oils, but, due to a 

decreased supply, there was a need to synthesize large quantities of vitamin A on an in

dustrial scale.

>14
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Figure 2. The in vivo conversion of p-carotene (3) to retinol (8).2
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Early Synthetic Strategies

As early as 1937, Kuhn and Morris reported the first total synthesis o f retinol8 

As shown in Scheme 1, the starting material P-ionone 10, was converted to the ethyl es

ter 11 via a Reformatsky reaction followed by a Grignard reaction to produce the amide 

12. Conversion to the chloro-imine 13 with PCI5 followed by dehydrohalogenation pro

duced the Schiff base 14. Treatment with oxalic acid yielded the P-Cu aldehyde 15. 

Knovenagel condensation of 15 with 3-methyl-2-butenal and piperidine acetate yielded 

the C-20 aldehyde, retinal that was then reduced with aluminum isopropoxide to afford a 

dark viscous oil with approximately 7.5% vitamin A content.

Prior to 1940, P-ionone could be obtained only from natural sources.9 As shown 

in Scheme 2, citral 17 could be obtained via distillation of lemongrass oiL Distillation of 

turpentine oil yielded myrcene 16, which could be converted to citral 17. Base-catalyzed 

condensation of citral with acetone yielded pseudoionone 18, which afforded P-ionone 10 

when treated with anhydrous sulfuric acid.

Fortunately, after 1940, researchers at Roche laboratories disclosed the higher 

yielding synthesis of P-ionone from acetone. 10 As shown in Scheme 3, reaction o f ace

tone with acetylene and partial hydrogenation of the triple bond yielded 2 0 , which was 

then reacted with methyl acetate in the method described by Saucy and Marbet to yield 

21. 11 Alcohol 22 was obtained upon reaction of 21 with acetylene, and treatment of 22 

with methyl acetate gave pseudoionone (18). Ring-closure of 18 was accomplished un

der anhydrous acidic conditions affording P-ionone 10.

Between 1946 and 1956, a large number o f manuscripts were published on the 

successful syntheses o f retinol retinal and RA. In addition, nine industrial processes
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Scheme 1. The First Reported Synthesis of a Retinoid8,4

5

10

NH

ll

COiEt b

CHO

IS

CE.OH

4 (a) Zn, ethyl bromoacetate; (b) (0 CH3I, Mg, ether; (ii) 2-methyl aniline; (iii) 0.1 N 
HCI; (c) PCI5, anhydrous benzene, 0 °C; (d) Cr(0Ac)2-H20, HC1, ether; (e) CrCl3; (f) 3- 
methyl-2-butenaI, piperidine, acetic acid; (g) (0 Al(OiPr)3, isopropanol; (ii) 2N H3PO4.

Scheme 2. P-Ionone was Obtained from Natural Sources9,4

LemongrassoQ

& CHO

Citrat
17

&  •
Myicene

16

Pseudotonone
IS

Tiupcntmeail

B-Ioaoae
10

' (a) acetone, base; (b) anhydrous H2SO4.
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Scheme 3. Synthesis of p-iononea

x  < * "  f t .
19 20 21 22

10 10

a (a) acetylene, NHj; (b) H2/Lindlar’s catalyst; (c) methyl acetate, Saucy/Marbet; (d) 
acetylene; (e) methyl acetate, Saucy/Marbet; (f) H2S04, acetic acid.

for the synthesis of vitamin A were developed.2 The various approaches were convergent 

syntheses classified according to the synthons used and are summarized in Figure 3 and 

Tablel.

The first reported industrial synthesis of vitamin A was developed by Isler et al. at 

Roche (Scheme 4).12 This particular approach was referred toasaC i4 +C6 approach be

cause P-Cu aldehyde and 3-methyl-1 -penten-4-yn-1 -ol were the synthons used. These 

synthons were not commercially available and had to be synthesized. Using Darzen’s 

glycidic ester synthesis, p-ionone 10 was converted to the epoxide 23, and treatment with 

base afforded the P-Cu aldehyde, 24. Reaction of the readily available methyl vinyl ke

tone 2S with sodium acetylide produced 26, which was dehydrated with H2SO4 to yield a 

mixture of cis- and trans-3-methyl-l -penten-4-yn-l -ol (27a and 27b). A Grignard reac

tion of P-C44 aldehyde 24 with the trans isomer (27a) afforded the alkyne 28, which upon
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hydrogenation gave the dihydroxy-alkene 29. The primary alcohol o f 29 was selectively 

protected with an acetyl group followed by rearrangement and dehydration. Finally, the 

acetate was hydrolyzed to yield 8, vitamin A. Eiter and Truscheit reported a similar syn

thesis (Cu + C() but obtained the 9-cis isomer of 8, which at the time was believed to be 

biologically unimportant.13

ch2oh

— ►Cig +  Cj
— ►C16 + C4 

*  C ,J +  CS
► C m + C j 
^C,3+C7 

i w C10 + Cio

*  C9 + Cn

Figure 3. Classification system for approaches to synthesis of retinoids.2

After Wittig and Geisler reported the principles of the Wittig reaction,14 Pommer 

and co-workers revolutionized polyene chemistry with a new industrial synthesis of vi

tamin A employing the Wittig reaction.13 Pommer’s Cu + Cs approach, shown in 

Scheme 5, started with vinyl-p-ionol 31, which was synthesized from the Nef reaction of 

p-ionone 10 with lithium acetylide followed by partial hydrogenation o f the triple bond.16 

The Wittig reagent 32 was prepared by reaction of 31 with triphenylphosphonium chlo

ride. The oxo-crotonate 36 was obtained in three steps, and the first step was the conver

sion o f the ether 33 to the bromoacetal 34. Treatment o f 34 with potassium acetate 

yielded the acetal-protected ester 35, which upon hydrolysis gave the oxocrotonate 36. 

Reaction of 36 with the Wittig reagent 32 afforded the vitamin A acetate 37. In the two
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Table 1. Starting Materials for the Various Approaches to Retinoid Synthesis2

name structure classification

2,2,6-Trimethylcyclohexanone c*+cu

(3-Cyclocitral 5 r Cio + Cjo

P-Cyclogeraniol C10 + Cio

P-Ionone C13 + C7

P-Cu aldehyde C14 + Q

jMonylidene-acetaldehyde C15 + C5

Vmyl-P-ionol C15+C 5

P-Cu acetylenic carbinol Ct6 + C4

P-Cu hydrocarbon C16 + C4

P-Cig ketone Cj8 + C2
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Scheme 4. First Industrial Synthesis o f Vitamin A12̂

i
w
a

COOH

23

I-
OH

CHjOH

27. 17b

CHjOH

28

I '

OH

a (a) (0 ClCH2C0 2 Et, NaOMe, benzene; (ii) OH*, heat; (b) 15% NaOH; (c) NaNH2, 
NH3, acetylene; (d) 25% H2S04; (e) Mg, ether; (f) H2, Lindlars catalyst; (g) (i) Acetic an
hydride; (ii) I2, ether.
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Scheme 5. The Synthesis of Vitamin A Acetate15̂

10

OEt

33

d

oa
oa

34

oa

0  36 '

oa

37

a (a) lithium acetylide; (b) H2, Lindlar’s catalyst; (c) PPI13HCI ;d) AT-bromo- 
succmhnide, anhydrous ethanol; (e) potassium acetate; (f) H20 , HC1; (g) NaH.

methods discussed previously, the goal was the synthesis of the all-tram isomer of vita

min A.

Matsui et aL reported a C15+ Cj synthetic route whereby four isomers could be 

obtained. 17 Starting with fMonone 10, the 9-cis and all-tram isomers ofp-ionylidene- 

acetaldehyde were prepared (Scheme 6 ). The Reformatsky reaction of p- ionone and 

ethyl bromoacetate yielded the hydroxy-ester 38, which was then hydrolyzed and dehy

drated to give the retro-acid 39. Rearrangement o f 39 to the desired acid was accom-
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plished by first forming the acid chloride 40 and conversion to the C-15 acid via exposure 

to water. The C15 intermediate acid was obtained as a mixture of trans and cis 

geometric isomers 41 and 42, which were separable by fractional crystallization. Each 

acid was reduced with LiAlHt followed by manganese dioxide oxidation to yield the al

dehydes 45 and 46.

Scheme 7 shows the preparation of the 9-cis and 13-c/s isomers from the 9-cz's- 

aldehyde 46. Elongation of the aldehyde polyene chain o f 46 was accomplished via con

densation of ethyl 3,3 -dimethylacry late with base. When the base employed was so- 

damide, the 9 -cz's isomer 47 was favored, but, when potassium amide was utilized, the 13- 

cis configuration was favored, yielding the 9-cis and di-cis isomer of vitamin A acetate, 

48. Subsequent reduction of the respective esters afforded the alcohols 49 and 50.

The method reported by Wendler et a l (Merck) is very similar to the approach 

used m our lab (Scheme 8 ) .18 Starting with f}-ionone 10, the ethyl ester 51 was obtained 

via Reformatsky reaction with ethyl bromoactetate. Reduction with LiAlH4 followed by 

oxidation with MnC>2 yielded the aldehyde as a 1:1  mixture of 9-czs and all-trans isomers. 

Elongation of the polyene chain of the 9-cz.s-aldehyde via a condensation reaction with 

acetone gave the ketone 55, which was then converted to hydroxyl ester 56 via the Re

formatsky reaction. Ester hydrolysis followed by dehydration yielded ATRA1, which 

could then be reduced with LiAlHt to afford retinol 8 .

A less often utilized approach is the C9 + Cu approach (Scheme 9). Cheeseman 

and co-workers proposed the C9 + Cn synthesis starting with 2 ,2 ,6 -trimethylcyclohexan- 

one, 19 and Attenburrow et al. successfully synthesized vitamin A using this approach.20
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Scheme 6. Preparation of the 9-cis and All-trans Isomers of P-ionylideneacetaldehyde17-'3

OH

3810

COCl

40
39

4241

4443

CHO

46

CHO

45

a (a) Zn, BrCH2C0 2 Et, benzene; (b) (0 HC1, EtOH; (ii) 0.1 N KOH; (d) PCI3, benzene; 
(e) LiAWt, ether; (f) MnOj, ether.
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Scheme 7. Preparation of the 9-cis and 13-as Isomers of Vitamin A2̂

CHO

46

48

49 50

a (a) ethyl 3,3-dimethylacrylate, KNFfe, NH3, ether; (b) ethyl 3,3-dimethyIacrylate, 
NaNH2, NH3, ether; (c) LiAli-Lt, ether.
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Scheme 8. Merck’s Synthesis of Vitamin A18,0

14

to

a

4451

'CHO d ^

46 55

56 57

C°2H  h

8

a (a) Zn, ethyl 2-bromoacetate; (b) LiAlH*; (c) MnCh; (d) acetone, aluminum t- 
butylate; (e) Zn, ethyl bromoacetate, benzene; (f) 0.1 N KOH, ethanol; (g) I2, petroleum 
ether, reflux; (h) LiAHj, ether, 0 °C.
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Scheme 9. The C9 + C11 Convergent Synthesis19,20’"

,0

61
58

&
59

\ b

60

CHO J L

HO

//
0

64

g

CH,OH

O
62

63
OH

S T  OH 
OH

OH

37

CH2OAc

a (a) NaNH2, CH3I; (b) NaNH2, NH3, acetylene; (c) acetone, Ba(0 H>2*8 H2 0 ; (d) 
NaNH2, NH3, acetylene; (e) (0 H2, Lindlar’s catalyst; (ii) 0.05% H2SO4; (f) MnCh; (g) 
EtMgBr, ether, benzene; (h) acetone, 0.1% H2SO4; (0 L1AIH4, ether, reflux; (j) (0 acetic 
anhydride; (ii) p-toluenesulfonic acid, toluene, 80 °C.
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This approach was developed due to the lack o f a direct route from fJ-ionone. 

Starting with 2-methyl cyclohexanone 58, the cyclohexanone ring was methylated twice 

when treated with two equivalents of methyl iodide and sodamide to yield 2 ,2 ,6 -tri- 

methylcyclohexanone 59. Nucleophilic attack by acetylene on 59 afforded 60. The 

polyene intermediates were prepared by first condensing 2 -butenal (61) with acetone to 

give the ketone 62. Reaction with sodium acetylide gave the ethynyl carbinol 64 that un

derwent partial hydrogenation and acid-catalyzed rearrangement to afford the trienone 

65. Grignard reaction of 65 with 60 gave the acetylenic diol 6 6 , which rearranged to 

yield the diol 67. Reduction with LiAlH* followed by acid-catalyzed dehydration yielded 

vitamin A acetate 37.

Another lesser-used approach (Cio + Cio) started with the readily available citral 

(Scheme 10) .21 The conversion of citral (17) to the Wittig reagent first proceeded 

through the Schiff base 69 followed by ring-closure and hydrolysis o f the imme, which 

resulted in a mixture of regioisomers 70 and 71.22 The isomeric mixture could then be 

treated with KOH in ethanol to convert the P,y-unsaturated aldehyde 71 to the cup- 

unsaturated aldehyde 70.23 Reduction of 70 to the P-cyclogeraniol (72) and formation of 

the Wittig reagent resulted in 73.24 The polyene synthon was obtained in four steps.

First, propionaldehyde was condensed with the hemiacetal of ethyl glyoxylate (74) to 

yield P-formylcrotonate (75).2S Second, the aldehyde functionality was protected as a cy

clic acetal 76, and the alkene was extended via reaction with ethylvinyl ether in the pres

ence of boron trifiuoride etherate. The acetal o f the diene 77 was hydrolyzed during 

work-up, thus necessitating the re-protection of the aldehyde 77. Third, condensation of
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Scheme 10. The Cio + Cio Approach21'24/!

17 69

i '

70

t________

CHO

71

72

I 6

73 1

HO.
EtO

OHC

> —CO2B 

74

I"
C02Et

75

0 ^ / <̂ ' C0 2Et Ci
76

I*

OHC
C 0 2Et

77

COjEt

8

a (a) aniline; (b) H2SO4; (c) KOH, ethanol; (d) LiAH*, ether; (e) PPhsHBr, DMF; (f) 
(C+Hg^NH, propanal; (g) ethylene glycol; (h) ethylvinyl ether, BF3; (i) ethylpropenyl 
ether, BF3; 00 NaH; (k) UAIH4, ether.
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the diene acetal with ethylpropenyl ether yielded the triene acetal that was hydrolyzed to 

give the polyene synthon 78 used in the Wittig reaction with the Wittig reagent 73.

Fourth, following the olefination of 73, the ethyl ester was reduced with lithium alumi

num hydride to give retinol 8 .

Retinoid Nuclear Receptors

Natural and synthetic retinoids exert control over cell processes by binding recep

tors that can then dimerize with other hormone nuclear receptors and bind DNA. This 

tertiary complex (retinoid/receptor/DNA) then interacts with co-regulators of the tran

scriptional machinery, which includes co-repressors and co-activators. There are two 

classes o f retinoid nuclear receptors: retinoic acid receptors (RARs) and retinoid X recep

tors (RXRs). All-trans retinoic acid (ATRA) binds and activates only the RARs, while 9- 

cis RA binds and activates both the RARs and RXRs. The two subclasses o f retinoid nu

clear receptors (RARs and RXRs) are each comprised of three isoforms (a, p, y).

The discovery of RARa can be attributed to two groups who published their find

ings in December 1987. The Evans laboratory was searching for ligand-induced tran

scription factors related to the steroid and thyroid hormone receptors.23 The steroid and 

thyroid receptors are members o f the hormone superfamily of nuclear receptors. Among 

these nuclear receptors, the DNA-bmdmg domains (DBD) are highly conserved. Using 

the DBD o f the thyroid receptor as a probe, a cDNA library representing the human ge

nome was scanned for related ligand-inducible receptors. A fiiU-length cDNA was iso

lated with a similar DBD and ligand-binding domain (LBD) to the steroid and thyroid 

hormone receptors. In an attempt to identify the ligand that induced this new receptor, a
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chimaeric receptor was formed by replacing the DBD of the new receptor with the DBD 

of the ghicocortic receptor (GR). When this chimaeric sequence was expressed in cells, a 

hybrid receptor was obtained, which had a GR-independent promoter that was dependent 

on the new ligand, ATRA.

Chambon’s group, the co-discoverers of RARo, proposed that RA mediated its ef

fects not through the cytosolic retinoic acid binding proteins (CRABPs) but via nuclear 

receptor binding. This group proposed that the RA nuclear receptors were members of 

the nuclear hormone superfamily.26 A cDNA library derived from the poly-CA*) RNA 

from MCF-7 and T-47D cells (breast cancer cell lines) was screened with three different 

probes. These probes possessed the sequence of the DBDs of the human estrogen recep

tor (hER), human prostaglandin receptor (hPR), and the human glucocortic receptor 

(hGR). In order to identify the ligand that induced the new receptor, a fragment from the 

clone was inserted into an expression vector and introduced into HeLa cells. Prospective 

radiolabeled ligands were added, and ATRA had high binding affinity for the receptor.

Two groups were credited with the discovery ofRARf}.27,28 Prior to that discov

ery, Dejean et aL were studying the hepatitis B virus (HBV) integration site due to the in

volvement o f HBV in liver oncogenesis.29 Sequencing of DNA from human hepatocellu

lar carcinoma (HCC) cells revealed that adjacent to the HBV sequence was a sequence 

similar to the DBD for a hormone nuclear receptor such as hGR or hER This gene en

codes for a protein that they termed hap. In order to test whether or not the hap protein 

was a retinoid receptor, a chimaeric receptor was created by replacing the DBD of the 

new receptor with the DBD of hER The hap-ER. chimaera was then tested for its ability 

to transactivate the estrogen-responsive reporter gene (vit-ffc-chloramphenicol acetyl-
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transferase [CAT]) in the presence of various ligands including retinol, retinal, retinyl 

acetate, and ATRA. CAT activity was induced by ATRA, which does not come as a sur

prise considering the LBD of the new receptor shares 90% homology with RARa. Since 

this was the second retinoid receptor discovered, it was named RAR0.

The third retinoid receptor, discovered by Chambon and co-workers in 1989, was 

first found in mice by screening a cDNA library with mRARa and mRARfl probes.30 

Upon sequencing of the clones, they found that the new receptor (RARy) had six distinct 

domains (A-F), and the DBD (domain C) and the LBD (domain E) were very similar to 

those regions in both RARa and RAR0. This suggested that RARy was induced by the 

same ligand as the other RARs as well as binding the same response elements. This same 

group later reported the isolation and characterization of hRARy, which is mainly ex

pressed in the skm.

Evans and co-workers were also searching for additional hormone nuclear recep

tors by performing low-stringency screening of a cDNA library obtained from human 

liver and kidney.3 1 The probe was a cDNA fragment encoding the RARy DBD. After 

sequencing the clones, it was found that one of the clones encoded for a new receptor. 

The sequence of the DBD shared 61% homology with the RARs, but, surprisingly, the 

LBD only shared 27% homology with RARs, indicating that ATRA may not be the 

ligand for this new receptor. The new receptor was tested to see if it would induce tran

scription by transfecting cells with the TREpal promoter (thyroid response element) and a 

CAT reporter gene. Schneider (S2) cells were used because they did not contain endoge

nous retinoid receptors. The cells were treated with a variety of ligands including ATRA, 

which elicited a 100-fold induction of CAT activity. This level of induction was not as
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substantial as found for the RARs, and ATRA was not considered to be the physiological 

ligand for the nuclear receptor. This receptor was named RXR since h had no associated 

ligand as of yet.

The high-affinity ligand for RXR was subsequently identified by Heymann et aL 

at Ligand Pharmaceuticals32 and Levin et al. at Hoflman LaRoche.33 S2 ceils were 

treated with radiolabeled ATRA, and, following incubation for 24 h, the cells were har

vested and extracted with organic solvent. The extract was fractionated by high pressure 

liquid chromatography (HPLC), and the different fractions were then assayed for their 

ability to activate RXR. This assay involved transfection of cells with an expression 

plasmid for RXRa and a luciferase reporter plasmid under the control o f a  promoter con

taining an RXRE (RXR response element). The fraction that induced the luciferase activ

ity was then characterized.

First, the compound was treated with diazomethane and injected on HPLC. Dia- 

zomethane methylates carboxylic acids to form methyl esters. Reverse-phase HPLC was 

used to measure any change in the retention tune (R*) between the original compound and 

the diazomethane reaction product. No change in R( would indicate that the compound 

did not possess any carboxylic acid functionality, but an increase in Rt would indicate 

that the original compound did have a carboxylic acid group that was methylated when 

treated with diazomethane. The methylated compound was then analyzed by gas 

chromatography/mass spectrometry (GC/MS) and the spectrum revealed a molecular ion 

at 314 corresponding to the methyl ester o f RA. When the retention tunes for the various 

stereoisomers of RA were compared, it was revealed that the RXR ligand was 9-cis RA, 

which is a stereoisomer of ATRA.
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The manner  by which the nuclear receptors interacted with DNA was still not 

well understood until Evans’ group and Pfahl’s group discovered that RXR interacts with 

other nuclear hormone receptors as a heterodimer to induce transcription. Evans and co

workers observed that the C-terminal sequences of RAR and RXR contained regions nec

essary for homo- and heterodimerization. 34 Gel mobility shift experiments were utilized 

with in vitro synthesized RAR and RXR and a radiolabeled oligonucleotide encoding the 

CRBPII-RXRE. RAR in the absence o f RXR M ed to bind the RXR response element 

CRBPII-RXRE. Similarly, RXR M ed to bind the response element when RAR was ab

sent. Therefore, both RAR and RXR were required for DNA-protein interaction. They 

also observed that RXR was necessary for both the vitamin D receptor (VDR) and thy

roid hormone receptor (TR) to bind to their DNA response elements. Therefore, RXR 

heterodunerizes with other nuclear receptors, including RAR, VDR, and TR, to induce 

transcription.

Pfahl et al. also were attributed with this discovery, since they observed via a gel 

shift mobility assay that TRct DNA binding was greatly enhanced in the presence of 

RXRa. 35 Other nuclear hormone receptors, including RARa and ER, did not enhance 

DNA binding. They also observed that RXRa enhanced the binding of RAR a, P, and y, 

which lead them to postulate that RXRa heterodimerizes with other nuclear hormone re

ceptors in order to bind to various response elements and thus induce transcription. Pfahl 

and co-workers were also credited with the discovery that RXRs homodimerize.36 As 

mentioned previously, RXR did not bind effectively to TREp and required either TR or 

RAR. However, DNA binding of RXR m the absence of either RAR or TR was in

creased dramatically when treated with 9-cis RA. Thus, 9-cis RA induced RXR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

ho mo dimer binding to TREp. Other response elements were tested for RXR homodimer 

binding, and it became apparent that the RXR homodimer did not bind to the same re

sponse elements as the heterodimer.

Each nuclear retinoid receptor can be divided into six domains labeled A through 

F.37,38 Domain C contains the DBD and is highly conserved among the receptor subtypes 

(Figure 4). The specific sequence that is recognized by the activated receptor complex is 

referred to as a retinoic acid response element (RARE) or the RXRE.

The DBD contains eight conserved cysteine residues, which interact with two zinc 

ions to form two helix-loop-helix zinc finger domains. These domains interact with the 

bases in the DNA response element. The structures of the DBDs have been determined 

for both RAR and RXRa.39,40 In the case of RXRa, one Zn2+ complexes to Cys 135, 138, 

152, and 155; the second zinc ion is complexed to Cys 171,177,187, and 190 to form the 

second zinc finger.41

a
> i» mm

hRARa

hRARf)

hRARy

Figure 4. Comparison of sequence homology between the LBDs and DBDs of the reti
noid receptors.

mm

These zinc fingers of the DBD interact with the hormone response elements 

(HREs) o f DNA. There are three types of HREs, which include the direct repeat,
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palindrome, and complex response elements. The direct repeat elicits the strongest tran

scriptional response and is the most common response element. Selective recognition of 

HREsis accomplished through variable spacing between the half site repeats.42 Those 

HREs composed of direct repeats have a core sequence AGGTCA with variable spacing 

between the repeats. Direct repeats (DR) with spacers of 3,4, or S nucleotides, com

monly known as DR-3, DR-4, and DR-S, serve as the preferred response elements for the 

VDR, TR, and RAR, respectively, and this pattern is referred to as the “3-4-5 rule.”

Further, by screening the GenBank database for DRs separated by variable num

bers of nucleotides, both the DR-1 and DR-2 response elements were discovered. Those 

repeats separated by only one nucleotide (DR-1) are recognized by hormone nuclear re

ceptors RXR and the peroxisome proliferator activating receptor (PPAR), while, in addi

tion to DR-5, RAR also recognizes those repeats separated by two nucleotides (DR-2) 

and the DR-5 response element. Another type of response element, the palindromic 

HRE, is less responsive to RA than the direct repeat HRE, which requires an overexpres

sion of RAR to be active. An example of a palindromic HRE is TRE-pal, a synthetic 

HRE commonly used m the in vitro assay to screen compounds for transcriptional activa

tion activity.43

Highly conserved Region E possesses the LBD as well as activation function AF- 

2, a ligand-dependent transcription activation factor. The A and B regions of the recep

tors contain AF-1, which is a ligand-independent transcription activation factor. The B 

region is conserved, but the A regions among receptor subtype isoforms are unrelated. 

Region D is highly conserved, but its function is not well understood. Region F is also 

not well understood and is not present in the RXRs.
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In the case of the RARs, either ATRA or 9-cis RA bind the LBD o f the receptor, 

which can then interact with an RXR receptor to form a heterodimer (RAR/RXR). In the 

case of the RXRs, 9-cis RA binds and activates the receptor to form either a heterodimer 

(RAR/RXR) or a homodimer (RXR/RXR). In solution, the RXR receptor does not exist 

as a monomer prior to dimerization but as a tetramer. Binding of 9-cis RA to RXR 

causes a conformational change to take place, which causes the tetramer to dissociate into 

dimers and monomers.44 In vitro studies have shown that RXR LBD self-associates into 

tetramers with high-affinity (K^= 4-5 nM for dimer-dimer association). At endogenous 

levels of 9-cis RA, tetrameric RXR was the most prevalent oligomeric form. Because the 

tetramer is transcriptionally inactive, it was suggested that the first step in the activation 

of RXR is the ligand-induced dissociation of the tetramer.45 Only after binding with 9-cis 

RA does the tetramer dissociate to form heterodimers.46 This theory was consistent with 

the transcriptional activities of RXR mutants with altered properties.47 The first example 

had an R321A mutation with a tetramer that foiled to dissociate upon ligand binding and 

was thus transcriptionally inactive. The second example was the F318A mutation that 

foiled to form a tetramer and was transcriptionally active even in the absence o f ligand. 

Therefore, the formation o f the tetramer was vital for transcriptionally active RXRs.

The importance o f the tetramerization domain was studied by mutation of three 

phenylalanine residues located m helix 11(H11) .45 Mutation of these residues was capa

ble of disrupting the tetramer but did not affect the formation of dimers, binding of 

ligand, or DNA binding by the receptor. Therefore, because these mutations abolished 

transcriptional activity, tetramer dissociation was implicated m transcriptional regulation 

o f the RXRs and serves as the first step in signaling by RXR.47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

The question remained as to exactly how ligand binding induced tetramer disso

ciation. Bourget et a l suggested an auto-repression mechanism whereby the AF-2 helix 

of the tetramer blocked co-activator binding by occupying the co-activator site o f the ad

jacent dimer.48 Gampe et al. obtained the crystal structure of the RXR tetramer in both 

the apo and hob forms.49 The tetramerization interface was composed of three interac

tions: the H3/ H3 interface, the HI 1/ HI 1 interface, and the AF-2/co-activator binding 

site interface. In the unbound structure, the AF-2 helix protruded outward from the LBD 

to occupy the co-activator binding site of the corresponding monomer in the adjacent 

dimer. The amino acid sequence between 451 and 455 of LMEML is homologous to the 

LXXLL motif (L = leucine, X = any amino acid) required for co-activator recognition. 

Knowing the interactions necessary for tetramer formation helps explain why binding of 

9-cis RA would disrupt these interactions. In the first step, upon binding of 9-cis RA, the 

P-ionone ring of RA in the ligand-binding site interacts with HI 1 and causes it to rejoin 

with H10 to form an uninterrupted helix. In the second step, the amino end of H3 col

lapses into the void left by HI 1 and H10, still allowing a substantial binding site for 9-cis 

RA between H3, H4/5, and H10/HI1. In the third step, the AF-2 helix rotates back 

against the main body of the LBD. The tetramer interface, which consists of interactions 

between H3, HI 1, and the AF-2 helix, would be disrupted by these conformational 

changes.

RARs interact with both co-activators and co-repressors. Prior to ligand binding, 

RAR interacts with co-repressors to suppress basal level transcription. Interestingly, 

ligand binding is not necessary for co-repressor binding, while ligand association is re

quired for co-activator recruitment. It has been suggested that the co-repressor a-helix
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extends three residues longer m the amino-terminal direction than the co-activator helix. 

Thus, the co-repressor helix fills some of the space usually occupied by the AF-2 helix of 

RAR.50 When a co-repressor is associated with a nuclear receptor such as RAR, histones 

are deacetylated, which leads to a suppression of transcription. Dissociation of the co

repressor allows for acetylation of the histones, and transcription can proceed.51 In con

trast, agonist binding of RXR does not affect the release of a co-repressor; in fact, there is 

no evidence that co-repressors bind RXR at all.52

There are several types of co-repressors, and two of the most common are SMRT 

(silencing mediator for retinoid and thyroid hormone receptors) and N-CoR (nuclear re

ceptor co-repressor), which exert their repressive effects through the recruitment of his- 

tone deacetylase complexes.53,54 SMRT and N-CoR contain two interaction domains 

(IDl and ID2) with the consensus sequence (I/L)XX(I/V)I that interacts with the LBD of 

nuclear receptors.55,56 Agonist binding of RAR releases the co-repressor, and the co

activator is recruited. In contrast, antagonist binding of RAR does not disrupt co

repressor binding, thus explaining why an antagonist does not induce transcription.57

The holo-structure of ATRA bound to RARy-LBD (Figure 5) was published in 

199S illustrating that a significant conformational change occurs upon ligand binding.58 

Although the structure of apo-RARy-LBD was not known, the structure of apo-RXRa- 

LBD was available (Figure 6 ) .48 The LBD of RARy, like RXRa and most members of 

the nuclear receptor (NR) superfamily, was composed o f 12 helices (Hl-12) and a fl-tum, 

which together formed a sort of a-helical “sandwich,” a fold described previously for 

apo-RXRa-LBD. The carboxylate of ATRA served to guide the ligand into the hydro- 

phobic cavity of the LBD via hydrogen-bonding interactions. The first carboxyl oxygen
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Figure 5. Structure o f ATRA bound to RARy.
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Figure 6 . Comparison of the position o f H12 in the apo- and holo-conformations/ 8
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hydrogen-bonds to both the guanidine o f Arg278 and the hydroxyl of Ser289. The sec

ond carboxyl oxygen hydrogen-bonds to the ammo groups o f both Ser289 and Lys236. 

After these hydrogen-bonding interactions had secured the ligand in the hydrophobic 

pocket, Lys264 formed salt bridges with Glu4l4 and Glu417 of H12 in order to seal the 

cavity. This conformational change of H12 was referred to as the “mouse-trap” 

mechanism that was commonplace among hormone nuclear receptors. In feet, it has been 

proposed that H12 of the various NRs are interchangeable. For example, replacement of 

H12 of RAR with the H12 of RXR does not alter transcriptional activation via ligand 

binding to the individual receptor.59 This conformational change of H12 was significant 

because the AF-2 core (the ligand-dependent transcription factor) was located on HI 2. 

The carboxyl terminal AF-2 core served to interact with certain co-activators and co

repressors.

Upon binding of an RAR agonist to the RAR receptor, the co-repressor is re

leased, and a co-activator is recruited that interacts with the transcriptional machinery.

The co-activators interact with NRs via an LXXLL signature motif (X signifies any 

amino acid). Each co-activator has three of these sequences or interaction domains 

(LXD1,2,3), with varying sequences intervening.60,61 As stated before, the AF-2 core is 

located on H12 in domain E where the binding sites for the co-repressor and co-activator 

overlap.62

When agonists bind NR and H12 is property oriented for activation, the AF-2 he

lix is able to interact with the helical motifs o f the putative LXXLL domains for the co

activators. This is possible through the interaction o f the LXXLL motifs) with the 

“charge clamp” formed by the AF-2 core. This charge clamp refers to the conserved glu-
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tamic acid residue in AF-2 at position 471 and the lysine residue in H3 at position 301, 

which hydrogen-bond to the leucines of the LXXLL motif of the co-activator. The glu

tamic acid (E471) hydrogen bonds to both the backbone amide of leucine in position 1 of 

LXXLL and the amino-terminal adjacent residue. The leucine of H3 (K301) is hydrogen- 

bonded to the backbone carbonyl of leucines in positions 4 and 5 of the LXXLL motif.63 

A critical determinant of co-activator binding is the length of the LXXLL helix, which 

fits precisely between the conserved glutamic acid and lysine residues upon the closure of 

the H12 in presence of ligand. Ligand and receptor-dependent specificity for co-activator 

binding are determined by residues flanking the LXXLL core motif.61’64 In addition, dif

ferent receptors interact with varying numbers of LXDs. The sheer number of co

activators is overwhelming and beyond the scope of this introduction, but the topic has 

been reviewed 65

Biological Assays

The discovery that retinoids can prevent the transformation of normal cells to the 

malignant state has enhanced interest in retinoids as potential pharmaceutical agents for 

cancer therapy and prevention.66 However, ATRA at pharmacological doses exhibits 

toxic side effects such as retinoid dermatitis, hypertriglyceridema, bone spurs, liver toxic

ity (cirrhosis), teratogenicity, and neutropenia.67 Because the natural retinoids cannot be 

administered in sufficient doses to have chemopreventive effects without exhibiting toxic 

systemic side effects, efforts were directed to the synthesis of structurally altered analogs 

o f the natural retinoids.68,69 In order to test the biological activity of these analogs, a 

rapid screening procedure was needed.
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Retinoids have been screened using various in vitro and in vivo methods to assess 

their efficacy in preventing and reversing neoplastic transformation. The hamster tra

cheal organ culture (TOC) assay was an early in vitro assay that was sensitive and quanti

tative, and it was applicable to screening large numbers of retinoids.70 One advantage of 

the TOC assay was that the medium was serum-free and hence did not contain endoge

nous retinoids. The TOC assay was a measure of the physiological induction of differen

tiation, and the results are sensitive and reproducible due to the single scoring procedure 

used. The effects of retinoid deficiency on tracheobronchial epithelium in experimental 

animals and its reversal by administration of diets containing active retinoids have been 

described.71,72 Keratinizing squamous metaplasia of the normal mucociliary epithelium 

was the most distinctive lesion of retinoid deficiency in the trachea. The normal epithe

lium becomes undermined by the new stratified squamous keratinizing epithelium, and 

the distinctive keratohyaline granules can be seen before the development of sheets of 

keratin. The histological endpoint of the TOC assay was the presence or absence of dark 

purple keratohyaline granules and bright pink keratin.

Another of the in vivo assays utilized for screening retinoids was the ornithine de

carboxylase (ODC) assay, which has been studied extensively by Verma and BoutwelL73 

Retinoids inhibit the induction of ODC in mouse epidermis that has been treated with a 

tumor promoter such as a phorbol ester. Therefore, the ODC assay was considered rapid 

assay for developing structure-activity relationships, thus leading to structural modifica

tions of the retinoid skeleton that could enhance chemopreventive activity.

Increased polyamine synthesis is an essential requirement for normal cell growth 

as well as malignant transformation. 74,75,76 ODC catalyzes the transformation of ornithine
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to putrescine, which is the rate-limiting step in the biosynthesis of polyamines. ODC ac

tivity is higher in those cells and tissues induced to proliferate, thus ODC activity is con

sidered a marker for tumor promotion. A tumor promoter such as 12-0-tetradecanoyl- 

phorbo 1-13-acetate (TPA) was administered topically to the shaved skin of mice. The 

retinoid was also applied topically to the skin of mice in the treated group just prior to 

TPA application. After 4.5 h, the mouse was sacrificed, and the skin was removed, ho

mogenized, and centrifuged briefly to obtain a clear extract. The ODC activity was de

termined from the extract by measuring the release of labeled CO2 from [14C]-omithine.77 

Another useful in vivo assay is antipapilloma assay, which is based on the two-step model 

of skin carcinogenesis. In this assay, the shaved mouse skin is first treated with a chemi

cal carcinogen such as 7,12-dimethylbenz[a]anthracene (DMBA) to initiate cancer fol

lowed by repeated application of a tumor promoter such as TPA Once the tumor pro

moter has been administered repetitively, promotion occurs and tumors appear in the epi

dermis of the mouse skin. 78’79 Continued retinoid treatment during the promotion phase 

prevented tumor appearance in a dose-dependent manner. However, many of the papil

lomas were benign, and only a few proved malignant. Therefore, the results obtained 

from the papilloma regression assay were variable unless extreme care was taken in this 

assay.

Early Synthetic Retinoids

Structural modifications were made to the retinoid skeleton in the ring, polyole- 

finic chain, and the polar terminus o f RA These modifications were made to prevent 

metabolism to a less active species, to restrict conformational mobility in order to obtain
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a structure with the optimum conformation for putative protein or receptor binding, to re* 

duce toxicity by changing lipophOicity, and to provide prodrugs that could be metabo

lized to the active species.

A retinoid of appreciable significance, ethyl (E)-4-methoxy-2,3,6-trimethyl- 

phenyl-3,7-dimethylnonatetraenoate (Etretinate), was introduced by Hoffinan-LaRoche 

for the treatment of psoriasis and other skin diseases.80 Shown in Table 2, this retinoid 

decreased the conformational freedom of the cyclohexenyl ring by replacing it with a 

substituted phenyl ring. Etretinate inhibited the growth and caused marked regression of 

chemically induced papillomas and carcinomas m mice. Although Etretinate was less 

toxic than ATRA, hypervitaminosis A was a side effect associated with Etretinate ther

apy, and the poor therapeutic ratio limited treatment only to those patients with severe 

psoriasis.80,81 Therefore, further structural modifications were required to reduce toxicity.

Because there was free rotation about the single bonds m the polyene chain, the 

natural retinoids could exist in several different conformations. Coupled with the fact 

that the crystal structures of the receptors were unavailable, the active conformer of RA 

was a matter o f conjecture. Hence, the active conformation could only be elucidated by 

conformationally constraining some of the rotatable bonds. The retinoid research group 

at Hoffinan-LaRoche investigated the conformational restrictions of the polyene portion 

of the retinoid skeleton, which led to 4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2- 

napthalenyl)-1 E-propenyl]benzoic acid (TTNPB) (Table 2) .82 TTNPB is a 4-substituted 

benzoic acid in which the 5,7£- and 1 l,13£-double bond systems of RA were restricted 

to s-cis conformations by including those bonds in an aromatic ring system. In addition,
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Table 2. In Vivo Activities of ATRA, Etretinate, and TTNPB

retinoid structure
ED50

(M)
tt>50
(nmol)

papilloma
regression
ID50
(pmol/kg/day)

ATRA 1 x 10’11 0.04 1330

Etretinate

M sO ^ ^

NRa 1 2 .8 40

TTNPB 2  x 1 0 '12 0.03 2.3

a NR: not reported.

oxidative metabolism leading to compounds of reduced biological activity was blocked at 

the 5-position of the tetrahydronaphthalene ring.83 TTNPB had greater activity than 

ATRA m the TOC assay (EDso = 1 x 10' 12 M) and inhibited the formation of papillomas 

by 91%, which is 500 times more active than ATRA at an equivalent dose. However, 

TTNPB was very toxic and produced hypervitaminosis A at doses o f 0.1 mg/kg body 

weight/day, which was several orders of magnitude lower than ATRA. In a separate 

study, doses of 0.04 mg/kg/day caused weight loss in a dose-dependent manner and re

sulted in signs of hypervitaminosis A, such as hair loss, redness and scaling of the skin, 

and excessive mucous secretion in the nasal and oral passages.84 Although extremely 

toxic, TTNPB proved useful as a template for the design of other retinoid analogs by re

placing the tetraene chain with an aromatic ring system.

Dawson et al. sought to block metabolic deactivation of the synthetic deriva

tives.85 By blocking metabolic deactivation o f the synthetic retinoids, the therapeutic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

dose would be expected to decrease, and toxicity would also decrease. Some metabolites 

o f RA are shown m Figure 7. A major pathway for metabolic deactivation was allylic 

oxidation at the 4r position of the P-cyclogeranylidene ring (91) of ATRA as well as oxi

dation of the 5n-methyl group (92).

Therefore, modifications were made in the region of the 5,6r  double bond to re

duce the allylic nature of the 4r  protons, which resulted m the 2-norbomenyl retinoid 94, 

as shown in Table 3. However, this analog was very unstable, and the 5,6r  double bond

ATRA

5,6-«poxyritindc add 

92
0  4-oxor*tJnoic add

91

OH

S-iiydroxymattiylratinofc add 

93

Figure 7. Metabolites of ATRA.

was changed to a saturated bond (95). Another analog designed to prevent the formation 

o f metabolites such as 4-oxoretinoic acid (91) was 97 m which a cyclopropyl ring was 

substituted at the 4-position to yield a  spiro system. Dawson et aL also designed analogs 

o f the 5 ,6-epoxy retinoic acid (92) where the 5,6r  double bond was replaced by a cyck>-
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propyl ring to yield a carbocyclic analog (96). The carbocyclic analog 96 had activity 

comparable to that of ATRA in the ODC assay (90 ±  2 % inhibition).

The discovery that a benzoic acid terminated retinoid had high activity in cell dif

ferentiation assays was a salient point in the development of synthetic retinoids.®6,87 

Dawson’s group was the first to report benzoic and naphthalene-carboxylic acid termi

nated retinoids where the 9,10 and 11,12 bonds were included in an aromatic ring system. 

As shown in Table 4, the first conformationally restricted retinoid, 4-[2-methyl-4-(2,6,6-

trimethyl-1 -cyclohexenyl)- l£,3£-butadienyl]benzoic acid (98), had significant biological
*

activity in the TOC (ED50 = 3 x 10'1° M) .88 The purpose of synthesizing retinoid 98 was 

to investigate the effect of varying the distance between the (J- cyclogeranylidene ring 

and the polar terminus. The benzoic acid terminus of 98 replaced the I IE, 13£- double 

bond system of RA, affording a 12-cw-locked retinoid that possessed comparable 

activity to ATRA. Additional conformational restriction was achieved by incorporating 

the 9,10 bond in a naphthalene ring system (99), which decreased activity compared to 98 

m the ODC assay. This suggested that conformational flexibility about the 9,10 bond 

was necessary for retinoidal activity. However, when 5r- and 7r- conformational restric

tions were incorporated into 99 to yield 100, TOC activity was improved by 100-fold.89 

Therefore, conformational restriction about the 7, 8r  double bond locking it into a 7-5- 

trans conformation enhanced retinoidal activity. Even though these synthetic retinoids 

showed retinoidal activity, none were as active as TTNPB (Table 4). Upon in vivo test

ing in mice, it was discovered that TTNPB was more toxic than ATRA or any other syn

thetic retinoid. In an effort to retain retinoidal activity while minimizing toxicity, hetero

cyclic analogs were designed and synthesized (1 0 1  and 1 0 2 ) .90
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Table 3. Summary of Dawson’s Retinoids with Modified Rings on TPA-Induced Mouse 
Epidermal ODC Activity

compound structure TPA (nmol) % inhibition
ATRA

94

95

96

97

CO2H
1.7

17

CO2H
17

92 ±2

64 ± 1
.C0 2 H

17 54 ±10
.C0 2 H

c o 2h 1.7 90 ±2
17 90 ±0

72 ±2

Replacement of the carbon at the 1-position with either an S or an 0  was based on 

an observation made by Huisman et aL, who reported that, although (£)-4-thiaretinyl ace

tate had 5% of the growth potency of (E)-retinyl acetate in chickens, it had 18% of the 

liver storage capacity and was less toxic.91 Therefore, similarly substituted analogs of 

TTNPB may retain activity but have reduced toxicity.

These analogs (98-102) were tested for in vivo activity. Even though the 1.7 nmol 

dose of TTNPB decreased the number of tumors by 92% m the antipapilloma assay, the 

animals displayed signs o f hypervitaminosis A toxicity, including skin redness and scal

ing and hair loss. The 17 and 170 nmol doses of TTNPB caused death during the experi-
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Table 4. ODC Assay Results for Dawson’s Benzoic Acid and Naphthalene Carboxylic 
Acid Terminated Retinoids

retinoid structure
TOC 
ED;o (M)

TIT

ODC
% inhibition

98

99

TTNPB

100

101

102

3 x l0 ‘

C O jH  i  x  1 0,-I0

COOH l  x  1 0

COzH 3 x  1 0

i* I2

12

c o 2h  2  X 1 0

C O jH  5  x  10-

,-10

77 ± 6

48 ± 1

91 ±  I

80 ±3

81 ± 2

85 ±2

ment. The naphthalene carboxylic acid 100 almost completely inhibited papilloma for

mation at the 170 nmol dose accompanied by some signs of hypervitaminosis A toxicity; 

however, ATRA decreased the number of papillomas by 90% at the same dose without 

the appearance of side effects. Therefore, this particular retinoid was more toxic than 

ATRA, which defeated the purpose of synthesizing analogs of ATRA. The heterocyclic 

analogs of 101 and 102 prevented tumor formation by 94% and 93%, respectively, at the
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170 nmol dose, and no toxic symptoms were observed in the animals. Therefore, 101 and 

102 were less toxic than ATRA and had potential in the treatment of proliferative skin 

diseases.

Breitman et al. showed that HL-60 cells are induced to terminally differentiate 

when exposed to ATRA. HL-60 cells, obtained from the blood of a patient who was re

diagnosed with acute promyelocytic leukemia (APL), proliferate continuously and consist 

mainly o f promyelocytes.92 Stimulation with TPA followed by treatment with the reti

noid causes HL-60 cells to differentiate and to produce superoxide anions (O:*)- Follow

ing incubation o f the resulting culture with nitro blue triformazan (NBT), an aliquot o f 

the culture was applied to a microscope slide and stained with Wright-Giesma stain. Su

peroxide reduces NBT to produce cell-associated nitro bhie diformazan (NBD) deposits. 

By counting the number of cells with blue deposits (%NBD+), the percent of differenti

ated cells was determined. In general, the more potent the retinoid in inducing differen

tiation, the higher the percent NBD*.

Shudo’s group was among the first to introduce retinoids that induced differentia

tion of leukemia cells using the NBT assay. Using TTNPB as a lead compound, Shudo’s 

group designed analogs where the dihydronaphthalene ring of TTNPB was replaced by 

substituted phenyl rings.93,94,95 In addition, the linker region between the two aromatic 

rings was varied using amide, ketone, and azo functionality. Shudo reported an amide 

analog o f TTNPB, Am80 (Figure 8 and Table 5), that induced differentiation of promye

locytes to granulocytes in the HL-60 in vitro assay (87% NBD*). This value was compa

rable to that o f ATRA (85%). Methyl substitution o f the nitrogen o f the amide bond 

(Am90, Figure 8) obliterated activity. This could be explained by the conformation about
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the amide bond in each o f these analogs. Spectroscopic analysis o f Am80 and Am90 re

vealed that the amide bond of the unsubstituted analog Am80 was tram, while the amide 

bond o f the N-methyl analog Am90 was cis.96

In a 1986 report, Shudo and co-workers synthesized analogs in which the amide 

bond was reversed. The differentiation inducing ability of this analog (Am580, Table 5) 

was similar to Am80. Because the electronic nature of the two benzene rings was very 

different in the two amides, a difference in the biological activity was expected. Shudo

postulated that the amide linker might play a role in determining the steric conformation 

between the polar carboxylic acid group and the hydrophobic alkyl substituent on the 

phenyl ring in order to position the groups to interact with the binding site.95

Expanding on this hypothesis, Shudo’s group synthesized analogs with an a,0- 

unsaturated ketone linker. This class o f compounds, referred to as cfaalcones, could adopt 

several conformations as shown in Figure 9. As shown in Figure 9, Shudo sought to find 

the active conformer, which led to the design and synthesis o f a new class of compounds 

by restricting rotation about the two single bonds.96 The flavone class o f retinoids locked

COOH
0

Am 80 A m 90 COOH

Figure 8 . Amide derivatives o f TTNPB.
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Table 5. Differentiation-Inducing Ability of Shudo’s Retinoids in HL-60 Cells

COOH

name_____________ structure______ _______________ ED30

ATRA 1! Z  jL ĉooh 2.4 x 10

Am80 o ^ v C0CH 7.9 x 10' 10

Am580 3.4 xlO ’10

Ch55 vj ? 2.1 xlO ' 10

Ch80 w  ? 6.4x10vIO

, - uRe80 W  6.3 x 10
.COOH

0 0 0 'H.-- \ H-
FV80 (<’V C00H 6.4 x 10‘10

the rotatable single bonds of the linker m the s\-cis, sz-trcms conformation, yielding Fv80 

with improved in vitro biological activity to differentiate HL-60 cells (Table 5, ED50 = 

4.6 x 1 0 u M). However, the srtrans, si-cis analog Re80 also showed a 1 0-fold 

improvement in differentiation-inducing activity of HL-60 cells over Ch80 (ED50 -  6.3 x 

10*u M). These biological results indicated that there might be two biologically active 

con formations. This can be explained by overlaying the structures o f Fv80 and Re80
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COOH

ChSO fa-cis, %i<k)

COOH

ChSO t r trtns)

.COOH

CMO fa  -tnnt, »j-cIm)

COOH

0

ChSO fa -tran *, »2-tnns)

COOH
.COOH

FvSO ItoSO

Figure 9. Conformational restriction o f single bonds si and S2 in Ch80 lead to the design 
of Fv80 and Re80.

Figure 10. Superposition of Fv80 (blue) with Re80 (red).
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(Figure 10), using the benzoic acid portion of the retinoids to align the structures. The 

slight improvement in biological activity o f Re80 over Fv80 was likely due to more 

favorable hydrophobic interactions of the tetrahydronapthalene ring of the former with 

the binding-site.

Brouillette and Muccio, at the University of Alabama at Birmingham, developed a 

series of conformationally defined 6-s-trans retinoids (UAB1-8, Table 6 ) .97,98 For RA in 

solution, the cyclohexenyl ring of RA adopts two rapidly interconverting low-energy con

formational states relative to the polyene chain; a 6-s-cis isomer is dominant, and a 6-s- 

trans is slightly higher in energy." A dimethylene bridge was employed to rigidly create 

either a 6-s-cis or 6-s-trans conformation. The 6-s-trans analog (fl//-£)-UAB7 exhibited 

similar biological activities in vitro as RA but had a slightly lower toxicity than the natu

ral vitamin.97 These observations led to the development of a homologous series of com

pounds based on the structure of (fl//-£)-UAB7 (Table 6 ). The RARa and RXRa nuclear

Table 6 . Nuclear Receptor Binding Affinities for the UAB Retinoids

retinoid
isomer structure

RARa
ICso (nm)

RXRa 
ICso (nm)

EDJ0a(nM)
(papilloma)

(fl//-£)-UABl

(a//-£>UAB4

600

55

> 2 0 0 0

> 2 0 0 0

> 1 0 0 0

490

(fl//-£)-UAB7
,COjH

8 > 2 0 0 0 5.0

(a//-E)-UAB8
,COjH

1 1 > 2 0 0 0 2.5

* EDso values were determined by a probit analysis of a dose-response curve. Esti
mated standard error is 2 0 % of the mean.
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receptor binding affinities are summarized in Table 6 . The UAB retinoids were also 

evaluated for activity in the chemical induction of papillomas on mouse skin.73 At a 4S.9 

nM dose, ATRA prevented 95% of tumor formation. (o//-£)-UAB7 and (fl//-£)-UAB8  

were as effective as ATRA in this assay, but (fl//-£)-UAB4 was much less active and 

(a//-£)-UABl was essentially inactive. This S AR shows the importance of the bulk of 

the alkyl substituents on the cyclohexenyl ring not only in receptor binding and activation 

but also in cancer chemoprevention of the skin. In fact, (a//-£)-UAB8  (E D jo =2.5 nm) 

was more potent than ATRA (E D jo -  3.0 nM) in the skin papilloma assay.

Receptor-Subtype Selective Agonists (RARs)

ATRA and other synthetic retinoids have been used therapeutically in the treat

ment of proliferative skin diseases such as psoriasis and acne. In addition, ATRA has 

been used to treat APL. However, the clinical use of retinoids has been hampered by tox

icity of the epidermis (skin redness, itching, scaling) as well as other symptoms of hyper

vitaminosis A. A major concern regarding retinoid therapy has been teratogenecity, thus 

limiting the therapeutic applications of classical retinoids in women of childbearing age.

It was believed that the toxicity associated with retinoid treatment could be re

duced by selectively activating a receptor-subtype. The distribution of each RAR iso type 

was not uniform in the tissues ofboth embryos and the adult. Thus, selective compounds 

could possess a higher therapeutic index by targeting a restricted number of tissues and 

sparing other tissues. Furthermore, for receptor subtype-selective retinoids, some may 

exhibit a lower teratogenic risk and produce fewer side effects. In addition, the develop*
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ment of receptor-subtype selective agonists could elucidate the precise physiological sig

nificance of each receptor subtype.

Following the discovery o f the retinoid nuclear receptors RAR (a,p,y), Delecleuse 

et aL screened many synthetic retinoids for binding to the receptor subtypes. 100 In this 

report, Delecleuse et al. tested both natural retinoids and synthetic retinoids for their abil

ity to bind and activate each receptor subtype (RARa, f), y). Among those retinoids listed 

in Table 5, Delecleuse et a l found that ATRA was not selective, but two of Shudo’s reti- 

namides, Am80 and Am580, were RARa-selective. Since this initial discovery, Am80 

has been developed extensively and recently used in a clinical trial to treat leukemia pa

tients who had relapsed from ATRA-induced complete remission. 101

According to Chandraratna and co-workers, because both Am80 and Am580 have 

measurable binding affinity for RARf) and RARy, each of these receptors will be acti

vated at pharmacological doses (1 pM) in addition to RARa. 102 Therefore, there was a 

need for new and more selective RARa retinoids. Chandraratna attributed the RARa- 

selectivity of Am80 and Am580 to the hydrogen-bonding ability of the internal amide 

linkage. By including additional hydrogen-bonding groups in the linker region, Chandra

ratna designed and synthesized a potent RARa agonist, AGN193836 (Table 7). This Al

lergan retinoid had greatly improved selectivity for the RARa receptor with >2000-fold 

higher binding affinity for RARa relative to RARf) and no measurable binding affinity 

for RARy (Table 7). AGN193836 had an antiproliferative effect in in vitro assays m ER+ 

breast cancer cells (mammary tumors that express the estrogen receptor) and exhibited no 

cytotoxicity at high doses. 103 However, the antiproliferative effect required 12 days of 

treatment compared to 4 days using 9-cis RA.
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Table 7. Comparison of Binding Affinities [Kd (nM)] to RAR Subtypes for Retinoids 
that are RAR Pan-Agonists (ATRA and TTNPB) and RARa-Selective Retinoids (Am580 
and AGN193836)

Kd(nM)
RARa RARg RARystructurename

COOH 15 ±1.7 13 ±2.5 18 ±1.7ATRA

26 ± 2TTNPB

^ .c o o h  3 6  ± 1 .5  1361 ±321 15 ±1.7AmS80
NH.

8.4 ±1.3 17374 ± 6347 >30,000AGN193836
.COOH

OH

Recently, new nonamide RARa agonists were reported by Shudo’s group. Using 

Am80 as a lead compound, Kikuchi et al. 104 designed and synthesized analogs by intro

ducing heteroatoms into the hydrophobic tetrahydronaphthalene ring and replacing the 

amide linkage with a pyrrole ring (Figure 11). For example, in the case o f ER-33635, 

heteroatoms were introduced into the hydrophobic tetrahydronaphthalene ring to increase 

the polarity of the retinoids and hopefully improve the pharmacokinetic characteristics. 

Comparison of the TTNPB RAR pan-agonist with the RARa agonist Ara580 emphasized 

the importance of the amide bond in order to confer RARa-selectivity. Believing that an 

acidic proton in the linker region was required for RARa selectivity, workers at Badische 

Anilin Soda Fabrik (BASF) used a heterocycle as the linker moiety to produce 103 (Fig
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ure 11) . 105 This approach was successful in improving the selectivity for RARa and en

hancing potency. A combination of the two structural alterations resulted in an RARa 

agonist (ER34617, Figure 11, Table 8 ) that had improved capability to induce differentia

tion of HL-60 cells over ATRA. These new retinoids have not undergone evaluation for 

toxicity.

It was reported that a RARa agonist was a potent inhibitor o f murine B- 

lymphocyte proliferation. 106 Am80 was also shown to inhibit the inflammatory cytokine 

interleukin-6  (IL-6 ) in vitro.95 These results suggested that there is a strong correlation 

between RARa agonistic activity and immunosuppressive effects, especially in the inhi

bition of antibody production.

COOH

COOH

COOH

ER-34617

Figure 11. Design ofquinoxaline derivatives by KikuchietaL104
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T able 8 . Comparison o f  Receptor Binding Affinities (iC 50), Transcriptional Potency (EC 3 0 ), and HL-60 Differentiating Ability (ED 3 0 ) 
o f  the New  R A R a Agonists

IC 5 0  (nM)° EC 3 0  (nM)c
HL-60 cells

retinoid s tru c tu re  _________RARa______ RARfi_______RARy RARa_______RARp_______ RARy ED 3 0  (nM)
A TRA  V '  ^  ^  c o o h  1.0 1.0 L 0 1.0 1.0 0 .9 4 ± 0 .2 0

nd6 1.3 ± 0  48 ± 1 3  150 ± 9 0  0.67 ± 0 .3 2

nd6 nd* 0.30±0.01 12±3 33±5 0.34±0.08

140±20 nd* 0.15±0.04 0.40±0 1.6±0.8 0.87±0.41

0.45±0.15 100±8 21±5 0.34±0.10 3.9±1.4 3.5±0.5 0.54±0.27

ER-34617 u A n  2.2±1.5 230±120 310±140 0.32±0.03 2.5±0.3 20±6 0.11±0.04

COOHAm80

NH'

COOHAm580
NH.

COOHER-33635
NH'

103
COOH

c o o h

Relative IC50 = Mean o f  ICso/ATRA IC50 ± SEM. ”̂ nd: not detectable (relative ICso > 1000). c Relative EC30 = M ean IC30/ATRAa
IC30 ± SEM,
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As shown in Table 9, novel RARa agonists were recently reported by Shudo’s 

group. Using the RARa selective agonist ER-34617 as a lead, Kikuchi et al. 104 sought to 

obtain more potent RARa-selective and less toxic retinoids by replacing the tetrahy

dronaphthalene moiety with an alkyl substituted pyrrole group. Monocyclic retinoids 

have been described in which the hydrophobic ring of ATRA was replaced with a pyrrole 

or an imidazole, resulting in retinoid agonists. 107 Kikuchi et al. incorporated a similar 

monocyclic group to successfully yield an RAR agonist ER-38930 that was not extremely 

selective. Kikuchi et a l later reported additional RARa agonists such as ER-41666 with 

enhanced RARa selectivity using a naphthalene or benzopyran moiety to replace the sub

stituted pyrrole ring of ER-38930.107 This ring system is more planar than the corre

sponding tetrahydronaphthalenyl ring of many of the known RARa agonists. The pur

pose o f synthesizing the benzopyran derivatives (ER-41666) was to improve the pharma

cokinetic characteristics. In the next generation of compounds, the most potent and 

selective RARa agonists of this new structural class were obtained by reducing the size

Table 9. Novel Retinoids with RARa Selectivity

relative ECm"
RARpretinoid RARyRARastructure

0.19ER-38930 ■COOH

240 3600ER-41666 COOH
NH

10000.80ER-38925 ■COOH
NH

aEC3o/ATRAEC3o.
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of the six-membered ring containing the heteroatom to a five-membered ring, as in ER- 

38925, again increasing the planarity of the molecule at the terminal end. This retinoid 

ER-38925 and similar derivatives are currently being evaluated for immunosuppressive 

activity, pharmacokinetics, and safety to select a clinical candidate suitable for use as an 

immunosuppressive agent.

RARp/Y Receptor-Selective Retinoids

The RARp/y selective agonists all possess an aromatic carboxyl terminus. 

Chandraratna et al. 108 reported the synthesis of acetylenic RARp,y selective agonists with 

no affinity for the RARa or the RXRa receptors. It was suggested that the reason that the 

natural retinoids lack receptor subtype selectivity is its conformational flexibility, allow

ing adjustment to ligand binding pockets of the different receptors. Identification of ac

tive conformations at each receptor would facilitate the future design of more selective 

and effective retinoids.

Conformational flexibility was restricted by incorporating the bond corresponding 

to the 9,1 O r bond of ATRA in a triple bond to yield 104.108 As shown in Figure 12, in 

order to improve pharmacological properties, a 2-pyridyl ester of 104 was synthesized, 

resulting in a RARP, y agonist (EC50 (RARP) = 2  nM; ECj0 (RARy) = 10 nM). Informa

tion regarding toxicity was not included in this report, but this ethyl ester is currently 

used therapeutically in the treatment o f plaque psoriasis (Tazarotene) . 109

Using the RARa-selective agonist Am80 as a lead compound, Johnson et a l110 at 

Allergan developed an RARP agonist by introducing a 2-thienyl group onto the sp2- 

hybridized C-l position of the tetrahydronapthalene ring (AGN193639 in Table 10). As
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mentioned previously, most o f the known RARa agonists had an amide linking the hy

drophobic region with the carboxylate moiety because the acidic proton o f the amide ni

trogen selectively enhanced RARa binding affinity. As shown in Table 10, Johnson et 

aL110 synthesized two other 2 -thienyl retinoids with a different linker than the amide 

(AGN193676 and AGN193174). The retinoid AGN193639 with an amide linker bound 

tightly only to RARa but did not promote transactivation mediated by any RAR nuclear 

receptors. Retinoid AGN193639 proved to be an RARa antagonist and RARP agonist. 

Retinoid AGN193174 with an ester linker bound to the RARp nuclear receptor and acti

vated transcription using this receptor, and it had weaker RARa and RARy antagonist ef

fects. Retinoid AGN193676 had an alkyne linkage and displayed similar binding and ac- 

tivational profiles as AGN193174. The decrease in RARa binding affinity with 

AGN193676 and AGN193174 was not surprising due to the lack of an acidic proton inthe 

linker. Thus, these RARp-selective agonists, which were also antagonists for the RARa 

and RARy receptors, were formed by using a thienyl group. These retinoids could be 

helpful in elucidating the roles of the receptor subtypes in specific cellular processes.

104

Figure 12. RARp,y-selective acetylenic retinoids.
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Table 10. Binding Affinities and Transactivation Abilities of Thienyl-Retinoids110

retinoid structure a
RAR
P y

ATRA 

AGN193639

E C soa
Kj>
EC Sofl
K /

459
15
NAC
94

87
13
115
996

2 0

18
NAC
>104

AGN193676 EC j0a
K /

NAC
303

26
189

NAe
1490

AGN193174
A

EC5oa
K /

NAC
129

25
189

NAC
1490

* ECso values are the mean of at least three experiments performed in tripli
cate using CV-1 cells contransfected with the luciferase reporter plasmid MTV- 
4(R5G)-Luc and an expression vector of the indicated retinoic acid receptor. b 
K<i values are reported as the mean value of three determinants by competition 
of [^-(a/Z-ZsJ-retinoic acid (5nM) binding with unlabeled test retinoid using 
bacilovirus expressed RARs. c NA: not active.

Vuligonda et al.u 1 at Allergan Pharmaceuticals recently reported an acetylenic 

RARp agonist substituted with tetrahydropyran (THP) on the sp3-hybridized C-l position 

o f the dihydronaphthalene ring (Figure 13). Incorporation o f the THP ether substituent 

created a chiral center m addition to the inherent chirality of the THP ether itself thus 

creating diastereomers. Vuligonda et al. 111 demonstrated that RAR receptor selectivity 

was dependent on the stereochemistry at the C-l position of the THP. The diastereomers 

with S stereochemistry at C-l bound selectively to the RARP nuclear receptor. However, 

both 107 and 108 activated gene expression mediated by the RARP and the RARy recep

tors. In contrast, the THP ethers with R stereochemistry (105 and 106) at C-l were only
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107 108

Figure 13. Stereoisomers of the acetylenic THP ethers designed by Vuligonda. 111

RARJJ-selective agonists. Stereochemistry o f the THP anomeric carbon induced more 

subtle changes in receptor selectivity. The (S)-THP anomeric carbon conferred RARy 

transactivation ability. By obtaining receptor-selective retinoids, the physiological role of 

the receptor subtypes could be studied m the ODC assay. The ethyl esters of retinoids 

105-108 were tested in the ODC assay, and a positive correlation was observed between 

the ability to activate the RARy nuclear receptor and the ability to inhibit the production 

of ODC. In addition, retinoids 105-108 were evaluated for mucocutaneous toxicity. 

Retinoids 107 and 108 were the most toxic, receiving scores of 11 out of the maximum 

score of 17. Interestingly, retinoids 105 and 106, which were the least toxic, were also 

the least effective in ODC inhibition. Thus, retinoids that activate RARy also induce mu

cocutaneous toxicity.
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The teratogenic potential o f105-108 was tested via the chondrogenesis assay. In

hibition of chondrogenesis (cartilage development) by retinoids in limb bud cells corre

lates well with teratogenicity in vivo. 112 In addition to mucocutaneous toxicity, retinoids 

107 and 108 were potent inhibitors of chondrogenesis in vitro and were deemed terato

genic. The RARP retinoid 105 lacking RARy activity was not active in the chondrogene

sis assay. These studies showed that RARy activation was associated with mucocutane

ous toxicity and teratogenicity. Therefore, this RARP agonist 105 might find usefulness 

in the treatment of proliferative skin diseases such as psoriasis without exhibiting side ef

fects such as mucocutaneous toxicity or teratogenicity.

Charpentier et al. 113 synthesized a variety of retinoids with substituted naphtha

lene carboxylic acids at the polar end (Table 11). One class of agonists possessed a pro- 

penyl linker between the phenyl and naphthalene rings, while the other class did not have 

a linker at all. One o f the naphthalene carboxylic acid retinoids of the latter class had an 

adamantyl substituent in addition to a hydroxyl substituent on the phenyl ring, producing 

an agonist 109 with optimal RARy selectivity (Table 11). The methyl ether o f retinoid 

109, commercially known as Adapalene or Differin, was approved by the Food and Drug 

Administration (FDA) for the treatment of acne vulgaris.

Graupner et a l114 reported the design and synthesis o f a RARP,y agonist contain

ing a napthalene-2-carboxylic acid terminus. Using 13-os RA and TTNPB as the lead 

compounds, 6 ’-substituted-napthalene-2 -carboxylic acid retinoids were synthesized and 

assessed for binding affinity for the RARs. The linker between the dihydronapthalene 

ring and the naphthalene carboxylic acid terminus was shortened to one carbon. A hy
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Table 11. Binding Constants of Naphthalene Carboxylic Adds for the RARs

retinoid structure RARa

apparent
Kd(nM)
RARP RARy

ATRA 2.3 0.4 0.3

109 6500 2480 77

1 1 0 7500 679 64

1 1 1 16500 531 75

1 1 2 7500 4095 816

113 HO 700 50 3.3

droxyl substituent (110, Table 11) at this linker position yielded a RARy, while a car 

group resulted in a RAR0,y agonist.

Yu et al. 115 explored the requirements for RARP and RARy selectivity by altering 

the linker in the substituted naphthalene carboxylic acid derivatives. All of the naphtha

lene carboxylic acids synthesized in this report activated either the RARp or the RARy 

receptors with minimal RARa activity. The sp3-hybridized linkers containing polar func

tionality such as a hydroxyl group resulted hi retinoids that were RARy selective.

As previously mentioned, Graupner et al. 114 were the first to synthesize this reti

noid; however, the racemic mixture was evaluated for receptor binding and activation.

Yu et a l115 were able to separate the R  (111) and S (112) enantiomers and evaluate them 

separately. Interestingly, the two isomers had different binding affinities for the RARs
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(Table 11) with 112 displaying the most potent RARy-selectivity of the two. Among the 

sp2-hybridized linkers, the oxime linker resulted in a potent RARy agonist 113 (apparent 

K«i -  3.3 nM). Therefore, a polar substituent in the linker region enhanced RARy selec

tivity in both the sp2- and sp3-hybridized linkers.

Crystal Structures of Agonists Bound to Retinoid Receptor RARy

The Moras group in Strausborg has been primarily responsible for determining 

the structure of retinoids bound to the LBDs of RARs. Bourget et al.48 solved the struc

ture o f the LBD of apo-RXRa, and Renaud et al. 116 refined the structure o f the LBD of 

holo-RARy containing ATRA. These structures are shown in Figures 6  and 7. Using se

quence alignment, it was shown that only three residues are divergent in the ligand- 

binding pocket of the RARs (Table 12). These divergent residues are obvious candidates 

to account for the RAR selectivity of certain synthetic retinoids. In holo-RARy, A234 

and M272 interact with the isoprene tail and A397 with the C-4 carbon o f the P-ionone 

ring of RA. The RARa selectivity achieved by the amides Am80 and Am580 was most 

likely due to hydrogen bonding between the nitrogen of the amide bond and the OH 

group of Ser 232. In other RARs, Am80 or Am580 would not be able to hydrogen-bond 

to the R-groups of Ala225 and Ala232.

A common structural feature of the RARy agonists was the presence of a polar 

functionality (hydroxyl) of the linker. Following the crystal structure report of (all- 

trans)-RA bound to RARy, Klaholz et al. sought to explain the structural reasons for 

RARy selectivity by crystallizing 9-cis RA with RARy at a resolution of 2.4 A (Figure 

14).117 Comparison o f the ATRA crystal structure (Figure 5) with the 9-cis RA structure
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Table 12. Divergent Residues in the Ligand-Binding Pocket of the RARs

Receptor Divergent Residues
RA Ra Serine 232 Isoleucine 270 Valine 395

RAR P Alanine 225 Isoleucine 263 Valine 388

RARy Alanine 232 Methionine 272 Alanine 397

(Figure 14) highlighted certain similarities as well as differences. Both the 9-cis and all- 

trans isomers were anchored by a salt bridge between Arg 278 of helix 5 and then car- 

boxy late group. The RARs bind 9-cis RA with only 10-fold less efficiency. The struc

tures of ATRA and 9-cis RA are very similar, both possessing 6-s-cis geometry between 

the ring and the chain. The C6-C7 dihedral angles between the P-ionone ring and the tet- 

raene chain were 43° and 24° for ATRA and 9-cis RA, respectively. The only significant 

difference was the position o f the sulfur atom of Met 272, which was pushed away by 0.9 

A by the 19-methyl group of 9-cis RA Therefore, the lower binding affinity of 9-cis RA 

for RARy was most likely due to a steric clash between the 19-methyl group with Met 

272. The more compact side chains of the corresponding isoleucine residues in both 

RARa and RARp probably left room for the 19-methyl group, which explained why 9-cis 

RA had better binding affinity for these two receptors. The 20-methyl group of the two 

RA ligands point in opposite directions, with both orientations being sterically allowed 

by the protein-binding pocket.

Klaholz et a l recently reported the crystal structure o f racemic BMS961 com- 

plexed with RARy. This structure revealed the interactions that were responsible for the 

selective binding o f BMS961 and other ligands possessing a hydroxyl group on the linker
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to RARy (Figure 15).117 Bristol Myers Squibb researchers reported the crystal structure 

of the RARy agonist BMS961 bound to RARy at 2.5 A resolution (Figure 15, Table 12). 

The fluorine atom pointed towards Ala 234 (helix 3), mimicking the 20-methyl group o f 

9-cis RA, and the hydroxyl group was repositioned near the 19-methyl group o f RA, with 

geometry and distances for hydrogen-bonding to the sulfur of Met 272 (2.9 A). The ori

entation of the hydroxyl group seemed to be crucial because only the S-enantiomer was 

observed to bind to RARy when a racemic mixture was used in the crystallization. The 

R-enantiomer would place the hydroxyl group approximately 3.4 A from the sulfur of 

Met 272, which was too far away for hydrogen bonding.

Klaholz et al. 118 later reported on the crystal structures of each of the enantiomers 

of BMS961 (BMS394 and 395) with differential binding affinities for the RARs (resolu

tion -1 .59  A) (Table 13). These experiments were performed at a higher resolution, and 

it was found that the earlier report118 was incorrect in stating that the S-enantiomer was 

the favored conformation for RARy binding. The crystal structure of the R-enantiomer 

BMS394 showed that the orientation of the hydroxyl group was favorable for interaction 

with RARy with a distance o f 3.20 A between the oxygen atom of the hydroxyl moiety 

and the sulfur atom of Met-272. In addition, the fluorine made van der Waals contacts 

with Ala-234, the oxygen of the amide group exhibited a short distance to Phe-230, and 

the amide nitrogen hydrogen bonded to Leu-271. The S-enantiomer (BMS395)-RARy 

complex exhibited some unexpected characteristics. It was expected that the hydroxyl 

group would be unable to hydrogen-bond to Met 272, but this was shown to be a false as

sumption. Clearly, the hydroxyl was able to hydrogen-bond to Met 272 with a bond
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Figure 14. Pan-agonist 9-cis RA bound to RARy.
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Figure 15. RARy-selective ligand BMS961 bound to RARy.
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Table 13. Racemic BMS961 and the Enantiomers of BMS961 with Differing ECso (nM) 
Values for RARs

retinoid structure RARa RARP RARy
OH 1000BMS961 NA£

COOH

OH 400BMS394 NA

COOH

OH NANA NABMS395

COOH

a NA not active.

distance of 3.19 A. However, superposition of both complexes (Figure 16) showed that 

the hydrophobic ring moiety (tetrahydronaphthalene, TIN) of BMS395 was rotated by 

98° around the bond linking the TTN and methylenehydroxyl moieties, leading to a com

pletely different ligand conformation compared to BMS394. This conformational 

difference was unfavorable for interactions with residues in the ligand-binding pocket, 

which Klaholz et al. explained more fully in his report.118

Moras and co-workers119 explained the structural basis for isotype selectivity for 

the RARs by studying the crystal structures of three complexes of the RARy LBD bound 

to agonists. The retinoid agonists were selective either for RARy (BMS184394) or for 

RARP, y (CDS64) or were potent for all RAR-isotypes (pan-agonist BMS181156). As 

mentioned previously, RARy selectivity was achieved due to the hydrogen bond between 

the hydroxyl o f BMS184394 with Met272 (3.29 A). In the case of the RARy complex 

with RARp,y agonist (CD564), the sulfur atom of Met272 was oriented away from the
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ligand (4.9S A), and the shortest distance to Met272 corresponded to van der Waals con

tacts (3.64 A between the keto group of CD564 and Cr Met272). The corresponding 

residue in RARp was an isoleucine. The keto moiety of CDS64 exhibited a distance of 

3.37 A to Phe304, which suggested the existence of a weak hydrogen bond. Such C- 

H -0=C  hydrogen bonds involving aromatic residues were known for other structures.120 

This contact was also probably present in the RARp complex, since Phe304 was

Figure 16. Superposition of BMS394 and BMS39S in the LBP of RARy. 118

conserved among the RARa, p, and y sequences. The different interactions of 

BMS181156 and BMS270394 with RARy revealed why some retinoids are pan-agonists. 

Pan-agonist BMS181156 interacted with Phe304 and the Cy of Met272, while RARy 

agonist BMS270394 interacted with the sulfur atom o f Met272 and provided additional 

hydrogen bonds to the backbone carbonyl group o f Leu27l and the side-chain of Phe230. 

The flexible sp3-hybridized bridge of BMS280394 linking the TTN and benzoic acid 

moieties adopted a conformation different from that o f BMS181156 to avoid close con

tacts between the oxygen atom of the amide group and residues Leu271 and Ile275.
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When the structures of the pan-agonist BMS1811S6 and RARfky agonist CD564 

were compared, the requirements for RARa binding were delineated. Sequence align

ment of RAR isotypes showed that the LBPs differed only by one residue, which was a 

serine that corresponded to an alanine in both RARp and y. Therefore, steric hindrance 

between the serine side-chain and the 2-napthoic group of CD564 was responsible for 

RARa discrimination, whereas the smaller 4-ethenyIbenzoic acid moiety of BMS181156 

could be accommodated readily. This was supported by the observation that most nap- 

thoic acids or propenylbenzoic acids did not bind RARa. The RARa agonists Am80 and 

Am580 contained the small benzoic acid group, which could be accommodated by the re

ceptor.

Retinoid Antagonists

In order to further elucidate the physiological role of each receptor subtype, reti

noid antagonists were designed and synthesized by Eryolles et al.121 These RAR antago

nists were designed using both the structures o f RARa agonist Am80 and the estrogen 

antagonist Tamoxifen as leads (Figure 17). Eryolles et al. hypothesized that, because 

RARs belong to the steroid/thyroid nuclear receptor superfamily, it might be expected 

that a ligand superfamily also exists. From that standpoint, ligands for nuclear receptors 

should be structurally superimposable. Such superimposition indicates that the carbon 

skeletons of the ligands play a role in locating the functional groups at suitable positions 

for binding to the cognate nuclear receptors. This implies the existence of antagonistic 

functional groups, which are common to all nuclear receptors. In the case of the estrogen 

receptor, substitution of a bulky aromatic substituent at the “top” of the structure of di
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OHOH
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Tamoxifen

COOH

NH.COOH

AmSOATRA

COOH

Banzlmldazolaa

COOH
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COOH
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COOH

CHs

116

Figure 17. Strategy for the design of retinoid antagonists.121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

ethylstilbestro 1 (DES) resulted in the potent estrogen antagonist Tamoxifen (Figure 17). 

Using the RARa agonist Am80 as a template, the site for aromatic substitution that would 

confer antagonistic activity corresponded to the amide nitrogen. Kagechika et al.96 had 

proven previously that substitution of the amide nitrogen induced a cis conformation 

about the amide bond, which abolished retinoidal activity. Therefore, to prevent a con

formational change of the linking group by the introduction of a bulky group, the linker 

was conformationally constrained by including it in a benzunidazole ring system. One of 

the nitrogens was substituted with a variety of aliphatic and aromatic substituents yield

ing antagonists 114 and 115.

Another class of retinoid antagonists was synthesized by accident in an attempt to 

prepare the N-phenyl analog of the benzimidazoles 114-115. This new class included the 

linker in a seven-membered ring (116). This dibenzodiazepine retinoid as well as the 

other two benzimidazole retinoids (114 and 115) was completely inactive in inducing 

HL-60 cells to differentiate in the NBT assay. Furthermore, they exhibited antagonistic 

activity by inhibiting Am80-induced differentiation in HL-60 cells in a dose-dependent 

manner.

AP-1 Transrepression by Retinoids

Fanjul et a l122 reported the in vivo apoptosis induction and antiproliferative activ

ity of the retinoid antagonist MX781, which is a retino benzoic acid analog (Figure 18).

In vitro testing of MX781 also showed activity m both estrogen receptor positive ER+ and 

ER‘ tumor cell lines. ER+ tumors express the estrogen receptor and are treatable with ER
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antagonists such as Tamoxifen, and ER* tumors do not respond to Tamoxifen treatment. 

Thus agents like MX781 could be useful for combination therapy with Tamoxifen 

(TAM). It was demonstrated that the induction of apoptosis by MX781 occurred through 

AP-1 transrepression rather than activation of RXRs (see below). This was expected be

cause MX781 was an RAR analog and did not bind RXRs.

COOH

/
p

Figure 18. Structure of the retinoid antagonist MX781 with anti-AP-1 activity.

The activation of HREs by the RAR heterodimers and the RXR homodimers has 

been previously established, and this interaction provides the signaling pathway by which 

gene activation. In analogy to the positive elements for transcriptional activation, nega

tive response elements that mediate hormone-induced repression have been reported.123 

Receptor binding to such negative response elements in the presence of ligand prevents 

the receptor from functioning as a transcriptional activator but allows negative interfer

ence with adjacent or overlapping sites that bind other transcription factors. Thus, it is 

apparent that an additional regulatory mechanism for nuclear receptors that does not re

quire receptor-DNA interaction exists. This mechanism involves the protein-protein in

teraction that allows hormone-dependent repression or activation of gene transcription
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through the interaction o f the nuclear receptors and the transcription factor AP-l. AP-1 is 

a protein complex composed o f a c-Jun and c-Fos heterodimer whose activity is modu

lated by growth factors, cytokines, oncogenes, and tumor promoters that activate protein 

kinase C. AP-1 induces transcriptional activation through interaction with a specific 

DNA recognition sequence, the TPA response element. Thus, a regulatory switch exists 

between the two pathways that allows for cross-talk. The mechanism for this cross-talk 

is still not well understood, but certain retinoids induce a conformational change in the 

retinoid receptor so that it is able to repress AP-1 by inhibiting the ability of AP-l to bind 

its response element.

Heteroaromatic RAR Pan-Antagonists

Yoshimura et a l124 reported antagonists containing a heteroaryl group. The het

eroatoms were included m order to decrease the IipophOicity o f the molecules and im

prove the pharmacokinetic profile. The effects of varying the orientation between the 

aryl groups upon activity had not been explored previously. Yoshimura et al. conforma- 

tionally constrained the rotation between the aryl groups by including the linker m either 

a pyrrole or a pyrazole ring (Table 14). Because acidic protons in the linker region con

fer RARa agonistic activity, the heteroatom was substituted with various aromatic 

groups. Substitution of both the pyrrole and the pyrazole nitrogens with a pyridylmethyl 

group resulted in potent antagonists that inhibited the binding o f ATRA to RAR and pre

vented ATRA from differentiating HL-60 cells.125

Recently, researchers at Allergan have increased efforts to design and synthesize 

potent RAR antagonists as antidotes to retinoid induced toxicity. Johnson et a l126
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Table 14. Binding Affinity and Antagonism of Retinoid Receptor Antagonists

COOH

retinoid X Y

HL-60 I C jo (M) 

binding0 antagonism6
117 ch2 c h 2 3.4 x Iff10 4.9 x Iff9

118 s c h2 1.6 x 10*l° 5.6 x l0 ‘9

119

a  r y

c h 2 N 9.1 x Iff10 1.3 x 10*9

ICso values were obtained from plots o f the binding affinity at 5.0 x 10'10 M 
[3H] ATRA versus the logarithmic concentration of the test compound. Val
ues are the mean of two experiments. 6 Concentration of the test compound 
inhibiting the differentiation-inducing activity of ATRA ( 1 .0  x 10"*M ). IC jo 

values were obtained from plots of activity at 1.0 x Iff* M ATRA versus the 
logarithmic concentration of the test compound. Values are the mean of two 
experiments.

reported the synthesis o f a potent RAR pan-antagonist AGN193109. This aryl subst

ituted diarylacetylene retinoid inhibited activation o f the RARs by ATRA. In a more re

cent report, the synthesis o f several substituted chromenes and thiochromenes with an

tagonistic activity was described.127 The rationale for the inclusion of the heteroatom was 

not stated, but it can be assumed that the intention was to improve pharmacokinetic prop

erties. The binding affinities as well as the capacities to inhibit the binding of TTNPB for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

the most promising antagonists are shown in Table IS. The potential use of these com

pounds as inhibitors of retinoid-induced toxicity in vivo was clearly demonstrated by their 

ability to block the activity of the potent and toxic RAR agonist TTNPB. As a result, 

AGN194310 is currently in preclinical development as a topical agent for the treatment 

and prevention of the mucocutaneous toxicity produced by systemic retinoids such as 

Accutane.

Table 15. Relative Potency0 and Kd* Values of RAR Antagonists in the Inhibition of 
Transcriptional Activity by the RAR Agonist TTNPB

RAR
retinoid structure

CHj Rel. Potency 1.0 1.0 
7 ±  1

AGN193109
.COOH

Rel. Potency 7.5 6.5
Kh 3 ± 2  2±  1

4.0
5±1

AGN194310
.COOH

Rel Potency 2.4 
Kd 5±1

12.2 2.2 
2 ± 0  16 ± 4

120
.COOH

"Relative Potency = IC50 (test compoundyiCjo (AGN193109).; *Kd + SEM (nM).
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Also reported was a similar class of RAR pan-antagonists, Minch might have im

proved pharmacokinetic properties due to the presence of heteroatoms in the structure.12* 

These antagonists, such as 121-123 (Table 16), were tested in hairless mice that had been 

treated with the highly toxic pan-agonist TTNPB and resulted in a reduction in mucocu

taneous toxicity. This cutaneous toxicity score is an aggregate of the flaking and abra

sion caused by the test compounds. Therefore, these antagonists may also be useful in 

the prevention of mucocutaneous toxicity.

Table 16. RAR Pan-Antagonists That Inhibit TTNPB-Induced Mucocutaneous Toxicity

retinoid structure cutaneous tox. score"
TTNPB 11 ±2

121 2.0 ± 0.6

122 1.9 ±0.7

123 1.4 ±0

"The ratio of TTNPB to test compound was 1:2. (Dose=3.6 nmol TTNPB + 7.2 nmol
test compound per 25 g body weight).
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RARa-Selective Antagonists

Apfel et al.129 reported one of the first RARa-selective antagonists that counter

acted the differentiation-inducing ability of RA in the HL-60 assay. Not only was this 

useful for elucidating the physiological role of the retinoid receptor subtypes, but also this 

RARa antagonist inhibited proliferation and induced apoptosis in ER+ breast cancer cell 

lines.130

Scientists at Allergan combined the structural features of the antagonist 

AGN193109 with the framework of the RARa agonist AGN193836 to produce a true 

RARa-selective antagonist AGN194574 with binding affinity for the RAR subtypes as 

follows: Kd(RARa) = 1.5 nM, Kd (RARP) = 898 nM, Kd (RARy) = 10618 nM.131 

AGN194S74 inhibited the activation of RARs by RA in a dose-dependent manner and 

will serve as a valuable physiological tool in determining the mechanism o f action asso

ciated with RARa.

Recently, the crystal structure of the RAR/RXR heterodimer bound to the antago

nist BMS614 was reported.132 BMS614 (Figures 19 and 20) is a bipartite molecule com

prised of an agonistic core with an antagonistic quinolyl group. It was expected that the 

RARa selectivity was due to hydrogen-bonding between Ser-232 of RARa and the amide 

nitrogen of BMS614. Therefore, it was surprising to learn that the hydroxyl group of 

Ser-232 formed a  hydrogen bond with an aromatic hydrogen of the quinoline moiety 

rather than the amide nitrogen. The RARa residues located in the dimerization interface 

in the heterodimer were in the same positions as in the monomer. Important differences 

associated with the ligand-induced /rans-conformation involved the C-terminal end of the 

LBD.
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Figure 19. RARa antagonists AGN194S74 and BMS614. 132
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Figure 20. Key interactions of RARa agonist BMS614 with RARy.132

This conformation was similar to that observed for two ER antagonists, raloxifene and 

tamoxifen, bound to the LBDs of ER.

Two features o f the antagonist BMS614 might explain the structural differences 

between the agonist and antagonist-bound LBDs. First, when compared to ATRA, 

BMS614 was shorter, which shifted the steric constraints, leading to a tUt in H ll, and 

drawing it into the binding cavity. Second, the quinoline group extended between H3 and 

HI 1, preventing positioning of H12 m the active conformation. Instead, H12 adopted an
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alternative position by binding to a groove known, to contribute within the LBDs of 

PPAR5, TRj}, and ERa to the binding surface of the consensus LXXLL motif of co

activator NR boxes. Thus, in the RARa/ BMS614 complex, the cognate surface for bind

ing of co-activator LXXLL NR boxes, which involved residues of both the groove and 

holo-H12, was not generated.

Evolution of RXR-Selective Agonists

Johnson et aL133 reported synthetic retinoids that had binding affinity for both 

RARs and RXRs. Using TTNPB and 9-cis RA as models, they shortened the linker from 

a propenyl group to a one-carbon spacer m order to decrease the distance between the tet- 

rahydronapthalene ring and the car boxy late. In some cases, they included the linker car

bon m a ring. A ring size of five carbons or fewer was necessary for optimal activity and 

receptor selectivity. Conformational analysis indicated that the spatial orientations o f the 

lipophilic head and the carboxyl terminus of these retinoids were similar to those of 9-cis 

RA, and the activity could be related to the length and volume of the group linking the 

tetrahydronaphthalene ring and the benzoic acid terminus. Optimal RXR homodimer ac

tivation was achieved with either an isopropyl substituent or a ketal ring, as shown in 

Figure 21. These retinoids were also screened for binding to RXR of the RAR/RXR het

erodimer, and they were shown to be very selective for RXR.

The Dawson group134 explored the geometry about the 9-10 double bond that was 

required for RXR binding. This was accomplished by making derivatives of TTNPB (a 

known RAR agonist). In TTNPB, there is free rotation about the single bonds adjacent to 

the 9-10 double bond. Therefore, the active conformer was undetermined. Using
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S R 11217 R ,R '= (C H 3)2C

S R I 1237 R ,R '=  OCH,CH20  

Figure 21. Retinoids selective for RXR response pathways.

molecular modeling on the X-ray crystal structures of the two molecules, Jong et al.134 

determined the two lowest-energy conformations for each molecule. Based on compari

sons of the lH NMR of the two molecules, the Dawson group was able to identify the low 

energy conformation of each molecule. Superimposition of these two retinoids with both 

9-cis RA and the RXR ligand SRI 1237 revealed the RXR pharmacaphoric requirements. 

The most apparent requirement for RXR activity was a distance of 9.6-10 A from the C5’ 

of the tetrahydronaphthalene ring to the carboxyl terminus.

The active conformation about the two single bonds of TTNPB analogs was ex

plored next. Beard et a l135 synthesized derivatives of TTNPB in order to vary the rota

tion about the single bond (C2-C9), linking the tetrahydronaphthalene ring with the dou

ble bond of the linker (Figure 22). It was shown m binding assays that the 3-methyl de

rivative o f TTNPB bound RXRs with slightly more affinity than the RARs. This obser

vation led the Chandraratna group to postulate that replacement of the C-3 hydrogen with 

a methyl group caused a conformational change in the molecule that allowed it to interact 

more favorably with RXR and less favorably with the RARs. An unfavorable steric in

teraction between the C-3 methyl substituent and the C-10 hydrogen was present in the 3- 

methyl TTNPB, but not TTNPB (Figure 22). Using molecular modeling, they examined
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the differences in the dihedral angles and found that the dihedral angles are 0 i= -38.7° 

and 02 -  48.7° for TTNPB and are 0i = 71.7° and 02 -  52.6° for 3-methyl TTNPB. This 

confirmed that relative to TTNPB, the 3-methyl substituent of 3-methyl TTNPB caused a 

pronounced twist o f 0i but had only a minor effect on 02. Therefore, the differences in 

receptor selectivity was attributed to the differences in the dihedral angles 0iand 02 about 

the C2-C9 and C10-C4’ single bonds, respectively.

COOH

Figure 22. The steric interaction between the 3-methyl and CIO hydrogen induced a 
change in 0i.

Beard et a l136 also investigated the effect ofvarying the dihedral angle 02 of 

TTNPB by altering the benzoic acid terminus. These used a five membered heterocyclic 

ring to reduce the size of the benzoic acid ring (Table 17) thereby altering 02. The pur

pose of the heteroatom was to induce a twist in the C10-C2’ bond (Figure 22) through the 

steric repulsion between the CIO hydrogen and the heteroatom at C l’. Small heteroatoms 

such as oxygen and nitrogen did not induce a twist in the C10-C2’ bond, and the hetero

cycle was essentially planar with the C9-C10 double bond. When sulfur was introduced, 

the larger third-row atom caused a change in 02, resulting in the RXR selective retinoid 

124. Additionally, when a substituted imidazole ring for the benzoic acid terminus also 

yielded a potent RXR selective agonist, 125 was generated.
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Table 17. The Effect ofVarying 62 or the Linker of 3-Methyl TTNPB Derivatives on the 
RXR Activity and Selectivity

EC50 (nM)
retinoid__________ structure__________ RARa RARP______RARy RXRa
3-methyl TTNPB v  1 f* \  340 230 180 1200

COOH 201NA‘ NA‘NA‘
124

NA‘NA‘NA‘125 COOH

8 NA: not active.

However, conformational analysis showed that the imidazole and the 9,10 double 

bond were planar. These studies suggested that the 62 dihedral angle was not of primary 

importance in determining RXR selectivity. The most valuable findings in this report 

concerned the in vitro assay results for the RXR-selective retinoids. In the ODC assay, 

the RXR-selective retinoids were inactive, leading Beard et al. to conclude that the anti

proliferative activity of retinoids was associated with RAR-mediated events. In addition, 

these retinoids were evaluated in the chondrogenesis assay for teratogenicity. Compari

son of the RAR and RXR retinoids in this assay showed a correlation between the RAR 

binding affinity and inhibition of chondrogenesis. Therefore, the teratogenic effects of 

retinoids were more mediated through the binding or transcriptional activation of RAR 

rather than RXR.

At Ligand Pharmaceuticals, Boehm et al.137 explored the effects of the size of the 

3-alkyl substituent of TTNPB on RXR selectivity. By increasing the size of the 3-alkyl 

substituent, the dihedral angle 61 should increase due to the steric interaction between the
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C3 group and the CIO hydrogen. Surprisingly, the methyl substituent was the optimal 

size for RXR activity. As the size of the alkyl group was increased, the RXR activity was 

decreased, but selectivity was increased (Table 18). Later, Boehm et al. replaced the pro- 

penyl linker of3-methyl TTNPB with an sp2-hybridized one-carbon linker. 137 In general, 

the methylene linker was superior to the carbonyl linker for binding and activation of 

RXR-mediated transcription. The most potent and selective of these retinoids was 

LGD1069 (Figure 23), which is the first RXR-selective retinoid reported. Because it was 

one of the first truly RXR-selective retinoids reported, LGD1069 was used to determine 

the physiological role of the RXR receptor. Additionally, LGD1069, now known as Tar- 

gretin, has shown promise as a breast chemopreventive agent. 138,139 Targretin (also called 

Bexarotene), has been proven effective in the treatment o f cutaneous T-cell lymphoma 

(CTCL) and is approved by the FDA for this clinical use. 140

Table 18. Competitive Receptor Binding Assay Results for the 3-Alkyl Derivatives of 
TTNPB

COOH

retinoid RARa RARp
EC50 (nM) 
RARy RXRa

9-cis RA 7±1.7 7±1.3 17±1.1 32±3.5

TTNPB 36±5.l 5±2.3 26±4.3 > 1 0 0 0

3-methyl TTNPB 638±75 1169±274 645±120 32±8.0

3-ethyl TTNPB 100±49 75±20 250±38 320±40

3-isopropyl TTNPB > 1 0 0 0 150±42 > 1 0 0 0 320±40
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Figure 23. The RXR-selective retinoid Targretin or LGD1069.

Dawson et al.141 used TTNPB and LGD1069 as leads to design RXR-selective 

molecules. By varying the hybridization and substitution pattern of the bridge carbon, 

the Dawson group explored the requirements for RXR binding and selectivity. Varia

tions of the linker included substitution with polar or alkyl functionality, changes from 

sp2 or sp3-hybridization, and heterocyclic modifications of the linker carbon. Some ex

amples of potent RXR-selective ligands discovered by this group are shown in Table 19.

Results of the binding assays revealed the parameters necessary for RXR activity: 

(1) reduced polarity and increased lipophilic bulk on the one-carbon linker, (2) addition 

of a 3-methyl group on the tetrahydronaphthalene ring, and (3) a benzoic acid or dienoic 

acid terminus. RXR selectivity was enhanced by lipophilic bulk on the spacer as well as 

a benzoic acid terminus.

Dawson et al141 also explored the low-energy conformation responsible for bind

ing RXRs. The flexibility of the tetraene side chain allowed 9-cis RA to assume both the 

s-cis and s-tram geometries about the 1 IE, 13£-double bond system. Overlapping the 

two conformers of 9-cis RA with RXR-selective retinoids, they were able to predict the 

low-energy conformation responsible for binding RXRs, which was the s-transoid con- 

former of 9-cis RA with a C1-C15 distance of 10.7 A and a C4-C15 distance 9.6 A.
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Table 19. Retinoid Receptor Transactivation Activities (ECjo) for Some of Dawson’s
RXR-Selective Retinoids

ECso(nM)
retinoid structure ____________ RXRg RARa RARP RARy
9-cis RA \ / ^ L  6 23 16 4.3

CC\
COOH

320 3000270 2300SRI 1201

CO2H
r\ NA' NA'170 NA'SRI 1234

NA' NA'NA'SR11246

" NA: not active.

Dawson and co-workers141 used computational studies to show that the distance 

between the tetrahydronaphthalene ring and the carboxyl terminus (C4-C1S) of the vari

ous retinoids correlated with both RXR activity and selectivity. The optimal distance re

quired for RXR activity ranged from 9.5 to 10.5 A. High activity was also dependent on 

the geometry of the retinoid skeleton between C4 and C15. Retinoids that assumed a 

bent conformation were RXR-selective, whereas those that were more linear favored 

RAR binding.

Muccio et al.142,143 reported 6-s-trans conformationally defined tetraene retinoids 

that exhibited RXRa selectivity. By incorporating the C6-C7 bond in a cyclohexenyl 

ring, selectivity was achieved. The C5 and C6 positions were substituted with various al

kyl groups to mimic the cyclohexenyl ring o f RA, resulting in an RXR-selective agonist 

(9Z)-UAB8 (Figure 24). The structure was further conformationally constrained by in
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eluding the CS and C6 substituents in an aromatic ring to yield a more potent and selec

tive RXR agonist (9Z)-UAB30 (Figure 24).

Several groups designed and synthesized retinoids of the tetranene class where the 

9,10-double bond was replaced with a double bond isostere. As shown in Table 20, Vu- 

ligonda et a l144 at Allergan combined structural characteristics of both the natural reti

noid 9-cis RA (polyene chain) with 3-methyl TTNPB (tetrahydronaphthalene ring) that 

resulted in one of the most potent RXR agonists reported to date (126).Vuligonda et al.I4S 

recently reported the design and synthesis of derivatives of 126. By replacing the tetra

hydronaphthalene ring of 126 with the trimethyl cyclohexenyl ring of 9-cis RA and using 

a furan linker to fix the 9-cis configuration, they designed retinoid 127. Unlike previ

ously synthesized analogs, the 6,7 single bond was not conformationally constrained in 

127 and could exist in either the s-cis or s-tram conformation. Because the cyclopropyl 

analog was unstable, the fiiryl and phenyl rings were used as isosteric replacements for 

the 9,10 double bond (127 and 128). Although the RXR selectivity was retained, RXR 

binding affinity was slightly diminished when compared to 126. This could be attributed 

to decreased steric bulk of the hydrophobic ring.

c °2 h  (9ZHJAB3Q(9ZHJAB8
ICjo= 868 nM ICS0>284nM

Figure 24. RXR-selective conformationally defiled 6-s-trans retinoids.142,143
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Table 20. Receptor Binding of 9-cis RA Analogs With an Isosterically Replaced 9,10 
Double Bond

retinoid structure RARyRARa RXRa
9-cis RA

COOH

COOH

COOH

128 >10 >10' >10 26±7

COOH

Farmer et al.146 at Ligand Pharmaceuticals reported conformationally restricted 

RXR selective retinoids where the 9-methyl group was replaced with cyclic groups to 

yield spiro molecules. The hydrophobic moiety was modeled after TTNPB and 3-methyl 

TTNPB. The goal in synthesizing these retinoids was to develop truly RXR selective 

retinoids with no residual RAR affinity. As shown in Table 21, the binding affinity o f the 

retinoids 129-130 for the RARs was greater than 1000 nM (K,). Replacement of the 9- 

methyl with a  cyclopropyl group served to enhance RXR binding affinity. In contrast, 

replacement o f the 9-methyl group with a cyclopentyl group resulted in abrogation of 

RXR activity. The differences in RXR activity for 129 and 130 can be explained by the
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Table 21. Retinoids Designed by Fanner et al.146,147

81

ECjo (nM)
RARq RARp RARy RXRaretinoids structure
NA‘ NA‘ 144129

809NA‘ 1779 2520130

>10>10131

CÔH
>10" 209132

COOH

a NA: not active.

conformation of the tetraene side chain relative to the tetrahydronaphthalene ring. Con

formational analysis of 129 showed that the cyclopropyl group oriented the triene side 

chain in a bent conformation relative to the tetrahydronaphthalene ring, which favored 

RXR binding. With the cyclopentyl retinoid 130, the molecule adopted a linear confor

mation instead of the bent conformation, thus reducing the RXR binding affinity.

Farmer et al.146,147 also reported retinoids similar to those described by Vuligonda 

et a l14S by isosterically replacing the 9,10 double bond with cyclopropyl, cyclopentyl, 

and cyclopentenyl groups to produce retinoids 129-132 (Table 21). The cyclopropyl reti

noid 130 exhibited greater RXR activity than the retinoid possessing a cyclopentyl ring 

(129). This can be attributed to the increased sp2 character (<b -118.8°) of the carbon of 

the cyclopropyl ring relative to the sp3 carbon (0  -110.1°) of the cyclopentyl retinoid.
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The sp2 character o f the cyclopropyl carbon plays a crucial role in orienting the dienoic 

acid terminus in a more bent conformation for optimal RXR potency and selectivity. The 

retinoid with a cyclopentenyl isostere (131) was more potent for RXR than the cyclopro

pyl retinoid 129. Interestingly, substitution of a bicyclic moiety for the 9,10-double bond 

resulted in one of the most potent RXR agonists (132) to date.

Hibi et al.14t reported analogs of 9-cw RA by substituting the oxidizable 4- 

position of the tetrahydronaphthalene ring with an amino functionality (tetrahydroquino- 

line) in order to reduce retinoidal activities (RAR binding affinity). In addition, fluorine 

was introduced at the 10-position of the tetraene chain in order to stabilize the 9-cis iso

mer (Table 22). The isopropyl-substituted nitrogen of tetrahydroquinoline 132 had in

creased RXR activity; however, RXR selectivity was diminished as evidenced by the 

RAR activity, which was comparable to that of ATRA. Replacement of the 9-methyl 

group with the larger ethyl substituent m addition to the 10-fluoro group increased RXR 

activity as well as selectivity. Further increases in size at C-9 (propyl or butyl) resulted 

in a decrease in RXR transcription by these retinoids.

Structure of 9-ds RA Bound RXR

The holo-RXRa structure with 9-cis RA bound was reported very recently by 

Egea et al.149 This structure revealed how RXR discriminated between binding the 9-cis 

stereoisomer of RA over its all-irons isomer (Figure 25). This structure (2.5 A resolu

tion) further validated the mechanism of ligand-induced activation of the RXR receptor 

corresponding to the “mouse-trap” model In the holo structure, H12 is repositioned by
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Table 22. Transactivation Data for Tetrahydroquinoline Retinoids148
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EC30fl
retinoid structure_________ RARg RAR0 RARy RXRg RXRP RXRy
Targretin 3900 450 3400 1.2 0.86 0.61

132 <r00H 6100 40 230 0.16 0.12 0.081
Y

132

133

y y
OOj ;

f ° *  NA* 1600 NA* 0.067 0.068 0.033

Et

<?00H NA4 660 NA4 0.68 0.45 0.30

134 COOH n a 4 NAa NA4 110 59 32

Bu

Retinoid activity is expressed in terms of relative ECso, which is the concentration of 
retinoid required to produce 30% of the maximal response, normalized relative to 9-cis 
RA (for the RXRs) and ATRA (for the RARs).b NA: not active.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 25. Illustration of interactions of 9-czs RA with the RXRa LBP.149

the ligand in a similar manner by which this retinoid induced a conformational change in 

the RARy-LBD. residues on helices 3,7, and 11. 9-as RA was buried in a hydrophobic 

pocket formed by residues located on helices H3, H5, and HI 1 and the P-tum. These 

residues were conserved in all three RXR (a, P, and y) isotypes, thus reducing the 

chances of finding a, p, or y isotype-specific ligands. The pocket was sealed by Arg316 

of helix H5 on one side and H12 on the other side. However, hi contrast to RARy, 9-cis 

RA does not interact directly with H12 as it does in the RARy LBD. Instead, the 

trimethyl cyclohexenyl ring interacts with The accessible volume of the cavity in the 

ligand-binding pocket of RXRa is 489 A3, which is much larger than the volume occu

pied by 9-cis RA in RARs (291 A3). Unoccupied volume was visible near the C19 

methyl group close to Trp305 and Asn306 and the vicinity of the C18 methyl group close 

to Val349, thus offering interesting possibilities of new, more specific ligands. The size
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of such substituents is critical because some RXR antagonists display bulky groups in the 

area of the C19 methyl group. The antagonistic effect o f some retinoids may be due to 

the displacement of residue Trp305 and the subsequent disruption of the hydrophobic in

teractions that stabilize the agonist position of H12. The comparison of 9-cis RA bound 

to each RARy and RXRa revealed two major differences (Figures 26 and 27). First, 9-cis 

RA bound to RXRa had a more pronounced bending angle (70° versus 60° in RARy). 

Second, the relative orientation of the P-ionone ring of9-cw RA was rotated by 90° 

around the C9-C10 bond in RXRa. This was a consequence o f the different orientation 

and location of the p-ionone binding sites, which were separated by 9 A. In the RARy 

holo-LED, the P-ionone ring of 9-cis RA pointed toward helix H12 and made hydropho

bic contacts with it, whereas, in RXRa, it pointed away horn H12. Superimposition of 

the two complexes revealed that, in RXRa, 9-cis RA was shifted 2.7 A toward the center 

of the cavity.

Ggea et al.149 also performed modeling studies with an RXR agonist (HX600) and 

an antagonist (HX531). Both retinoids were anchored in the LBP by interaction of their 

carboxylates with the arginine of helix HS. Agonist HX600 occupied the LBP at the 

level of residues Leu433, Trp305, and Gln306. In contrast, the antagonist HX531 pos

sessed a nitro group that caused steric hindrance with the side chains of residues Leu433, 

Trp305, and Gln306. The latter two residues are involved in the stabilization of H12 in 

the agonist conformation.
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ho/o-RXRa/9-c«RA holo RXRa/9-c/isRA
hoio RARv/9-cisRA

Figure 26. Comparison of structure of 9-cis RA bound to RXRa and the apo-RXRa 
structure.149

Figure 27. Comparison o f the conformations o f 9-cis RA when bound to RARy and 
RXRa.149
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Physiological Role of Retinoid Receptor Subtypes

With the introduction o f receptor-selective agonists and antagonists, the molecular 

signaling pathways involved in the effect of ATRA and 9-cis RA on HL-60 cells could be 

dissected. Nagy et al.150 used HL-60 sublines with differing patterns of retinoid respon

siveness to delineate the role of the two classes of retinoid receptors (RARs and RXRs).

In general, these HL-60 cell lines expressed RARo, RXRa, and RXRp. Both ATRA and 

9-cis RA have been shown to induce differentiation and apoptosis, but the two isomers of 

RA can be interconverted by enzymatic or nonenzymatic isomerization. In order to de

lineate the role of each receptor in the processes of cell proliferation, differentiation, and 

apoptosis, Nagy et al.150 used synthetic retinoids, including TTNPB (RAR agonist),

Am80 (RARa agonist), 3-methyl TTNPB (RAR and RXR pan-agonist), and AGN191701 

(RXR agonist), and compared the effects o f these retinoids to the natural retinoids ATRA 

and 9-cis RA (Table 23). The effect of the retinoids on proliferation in HL-60 cells was 

monitored over a 6-day period. The agonists can be ranked according to their ability to 

inhibit cell proliferation (TTNPB = Am80 > 9-cis RA = ATRA = 3-methyl TTNPB »  

AGN191701). Those agonists capable o f activating RAR transcription inhibited HL-60 

cell proliferation. Cultures treated with AGN191701, an RXR-seiective agonist, had no 

antiproliferative effect.

The ability of these retinoids to induce HL-60 cell differentiation was also stud

ied. Those retinoids that were capable of binding and transactivating both RAR and RXR 

nuclear receptors had the most potent effect on differentiation, with the pan-agonists hav

ing the greatest effect (3-methyl TTNPB > 9-cis RA >TTNPB = ATRA »

AGN191701).
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Table 23. The Effects of Retinoids on Proliferation, Differentiation and Apoptosis in 
HL-60 Cells

retinoid type
agonist

inhibited
proliferation

induced
differentiation

induced
apoptosis

ATRA RAR No Yes Yes

9-cis RA RAR, RXR Yes Yes Yes

TTNPB RAR Yes Yes No

3-methyl
TTNPB

RAR, RXR Yes Yes Yes

Am80 RARa Yes Yes No

AGN191710 RXR No No No

The ability to induce apoptosis was evaluated in the same in vitro system. Neither 

RXR-selective agonist AGN191701 nor RAR agonists (TTNPB, Am80) were able to in

duce apoptosis. The apoptodc effect was greatest for the pan-agonist 3-methyl TTNPB 

(3-methyl TTNPB »  9-cis RA= ATRA »  TTNPB = AGN191701 = Am80). Taken 

together, these results indicated that the mediator of differentiation-inducing activity of 

RA in HL-60 cells was the RAR-RXR heterodimer and that ligand activation of RAR 

was sufficient to induce differentiation. Ligand activation of RXR only through 

homodimers was not sufficient to induce differentiation in HL-60 cells, and RAR- 

selective retinoids were only weakly effective in inducing differentiation presumably 

through RAR/RXR heterodimers. However, pan-agonists were the most effective since 

they could bind and activate both parts o f the RAR/RXR heterodimer. Thus, RXR- 

selective ligands may potentiate the differentiation-inducing activity of RAR-binding 

ligands when used in combination with an RAR agonist. The most important role of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



89

RXR-selective retinoids was in the induction of apoptosis. Apoptosis was observed only 

in those cultures treated with agents capable of activating both RARs and RXRs.

Roy et a l151 explored the ability of an RXR-selective ligand to potentiate the ef

fects of the RAR retinoids. By treating embryonic carcinoma cells (P19 and F9) with 

RAR-selective agonists Am80 (RARa), CD666 (RARP), or SRI89453 (RARy), in com

bination with the RXR agonist SRI 1237, the Chambon laboratory was able to determine 

the optimal combination for the best synergistic response. At low concentrations, these 

receptor subtype selective retinoids were unable to induce differentiation alone. In con

trast, at these same concentrations, various combinations of RAR (RARa, RAR0, or 

RARy) and RXR selective retinoids resulted in synergistic induction of all RA target 

genes examined (STRa4, Hoxa-1, RARp), as well as in induction of cell differentiation. 

These results are in agreement with those reported by Nagy et al.150

Apfel et al.152 also found that a combination o f an RAR agonist with an RXR 

agonist resulted in synergistic effects on HL-60 cell differentiation. Apfel et al. had pre

viously reported that the differentiation of HL-60 cells into granulocytes was mediated by 

RARa. In this report, it was shown that RXR selective retinoids, at doses that are inac

tive atone, potentiated the effects of ATRA and a RARa selective retinoid (Am80). They 

also suggested that HL-60 cell differentiation was mediated by RAR/RXR heterodimers 

due to the finding that the RXR-selective retinoids could bind the RAR ligand-activated 

heterodimer complex.

Furthermore, Chen et aL153 studied the combination effects o f RAR and RXR se

lective agonists and antagonists on an acute promyelocytic leukemia cell line, NB4. The 

retinoids employed in this study included RAR-selective agonists BMS753 (RARa),
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BMS453 (RARP), BMS411 (RARp,y), BMS961 (RARP,y), and BMS681 (RARa,P), as 

well as the RXR-selective agonist SRI 1237 (RXRa) and the RARa antagonist BMS614. 

At concentrations below 0.5-1.0 nM, these agonists were unable to induce differentiation 

alone, but, when used in combination with the RXR agonist SRI 1237 (100 nM), differen

tiation was induced. This was especially true m the case of the RARa agonist Am80, 

which suggested that combination of an RARa and an RXR agonist could be beneficial in 

the treatment o f APL. Furthermore, Minucci et al.154 proposed that the reason for the 

ability of an RXR agonist to potentiate the effect of an RAR agonist was due to the fact 

that binding of an RXR ligand to the heterodimer stabilized the interaction of the het

erodimer with its reporter.

Retinoid Synergists

Umemiya et al.155 reported the design and synthesis of dibenzodiazepinyl reti

noids (Table 24), which bound weakly to the RXRs but synergized with the RARa ago

nist Am80 in inducing differentiation of HL-60 cells. These synergists evolved from the 

design and synthesis of some retinoid antagonists. LE135, a conformationally restricted 

analog of the RARa agonist Am80, was designed on the basis of the ligand superfamily 

concept and resulted in an antagonist. In an effort to improve the antagonistic potency of 

LE135, the hydrophobic aromatic ring was substituted with various bulky aromatic 

groups.LSS Substitution with a tetramethyl-tetrahydronaphthalene ring resulted in LE590, 

which showed antagonistic activity hi HL-60 cells. However, LE590 was only able to 

decrease the potency o f the RARa agonist Am80 by half, regardless of the concentration 

o f Am80, which indicated that LES90 was a noncompetitive antagonist.
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This observation led Umemiya et aLlss to design derivatives of LE590 in which 

one of the cyclic alkyl moieties was removed. This structural class, named the HX series, 

had no retinoidal activity in the HL-60 assay alone but potentiated the effects of Am80. 

Alone, HX600 (Table 24) was unable to affect the proliferation or the differentiation of 

HL-60 cells (maximal concentration 1 x 10*6 M). However, HX600 strongly enhanced 

the differentiation-inducing ability o f Am80, since the percentages of cells differentiated 

by 3 x 10*10 M Am80 (approximately 15%) were increased to 41% and 72% in the pres

ence of 1 x 10*8 and 1 x 10*7 M HX600, respectively. When compared with the potent 

RXR agonist LGD1069, the synergistic potency was similar. This was of interest be

cause LGD1069 was a more potent activator o f the RXRs. Perhaps, the HX synergists 

could better bind the heterodimer within the transcriptionally active complex formed with 

co-activators, while they may not, or very weakly, interact with the RXR monomers or 

the homodimers in the in vitro binding assays. Therefore, at low concentrations, these 

RXR synergists may be useful in the treatment of leukemia. By reducing the dose of 

ATRA required for biological effect, they could also be helpful in reducing retinoid- 

associated toxicity.
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Table 24. The Binding Affinities and Synergystic Activities of Diazepinylbenzoic Acids

Ki (nM)

retinoid structure RARa RARP RARy RXRa SEC50 (M)fl

LGD1069

LE135

$ 3 * 0 , COOH

COOH

180 50 130 16 3.1x10

1400 220 NA6 NA6 NR

LE590

5%
COOH tm CNRC NRC NRC NRC NR

HX600

HX620

HX630

HX640

a:
.COOH XT A A

.COOH

a:
COOH

a'

NA6 680 NA6 1900 3.2 x I O'9

980 320 NA6 900 5.8 x 10'9

900 320 NA6 900 6.2x10' 10

■COOH 1600 810 NA* 1800 5.5x10,-to
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Table 24 (Continued)

retinoid structure RARa

Kj(nM)

RARp RARy RXRa SECJ0 (M)a

HX641 w C00H 2000 --------- NA6 900 2.8 x 10’9

“SEC jo was determined as the concentration of a test compound that induces HL- 
60 cell differentiation to the extent of 50% in the presence of 3.0 x 10'10 M Am80. 
*NA: not active. One-hundred-fold excess of the test compound did not affect the 
binding of the labeled compound to the receptors. “NR: not reported.
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GOALS AND RATIONALE

By developing receptor subtype selective retinoids, retinoid-associated toxicity 

may be greatly reduced. In addition, receptor-subtype selective retinoids have found new 

therapeutic applications. Recently, both the pan-agonist 9-cis RAIS6 and the RXR agonist 

LGD1069138,139 exhibited chemopreventive activity when used as a single agent or in 

combination with the estrogen antagonist Tamoxifen in rats.

This laboratory recently reported that (9Z)-UAB30 is an RXR-selective retinoid.

In order to assess the chemopreventive ability of (9Z)-UAB30 (Figure 1) in the N- 

methylnitrosourea (MNU) rat mammary chemoprevention assay, multigram quantities 

were required (10-75 g). The first goal o f this dissertation was to scale up the synthesis of 

(9Z)-UAB30 in order to provide the necessary quantities for evaluating its capacity to 

prevent mammary tumors in vivo. This required optimization of the published synthetic 

methods for (9Z)-UAB30.9*

cchH c o 2h

6-s~inua coafomatioa 
of9-cfrRA

LGD1069
Targrctia

(9Z)-UAB30U)

Figure I. Structures o f 9-cis RA, Targretin, and (9Z)-UAB30.
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A sound major goal of this proposal was to prepare analogs of (9Z)-UAB30 to de

termine if RXR selectivity and potency could be improved. Three classes of analogs 

were proposed. First, we proposed synthesizing a homologous series of ring-substituted 

analogs (2-6, Figure 2). We believed that RXR selectivity might be enhanced by hydro- 

phobic interactions between these substituents and the residues o f the LBP or by effects 

on electron density of the aromatic ring.

2Rl=R3=R4=H;R2=OCH3 
3Ri=R2=R4=H;R3=OCH3 
4RrR2=R3=H;R4=0CH3 
5R 2=R3=R4=H;Ri=CH3 
6Ri=R3=H;R2=RrCH3

C02H

Figure 2. Ring-substituted analogs of (9Z)-UAB30.

Examples of potent RXR-selective ligands from the literature, such as LGD1069, 

are twisted about the central linker in the molecule.137 Further, it was believed that, when 

bound to the RXR receptor, 9-cis RA adopted a bent conformation.137,141 This was later 

confirmed by Egea et al.149 when the crystal structure o f 9-cis RA bound to RXRa was 

published. Therefore, we proposed that by altering the torsion angle of the C6-C7 bond 

of (9Z)-UAB30, RXR-selectivity and potency might be enhanced (Figure 3). Thus the 

synthesis o f compound 7 was proposed, in which the torsion angle about the C6-C7 bond 

would be increased via a more conformationally flexible seven-membered ring.
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Figure 3. Ring-expanded analog of (9Z)-UAB30.

Examples of potent RXR-selective ligands from the literature, such as LGD1069, 

contain a terminal benzoic acid.137 Also, it had been shown that inclusion o f an internal 

amide group changed the selectivity of the potent pan-agonist TTNPB and resulted in a 

RARa-selective retinoid Am80.93,96 Using a similar strategy, we proposed to alter the 

structure of (9Z)-UAB30 by replacing the carboxyl terminus o f (9Z)-UAB30 with an am

ide linked p-ammo benzoic acid (Figures 1 and 4). Even if this does not enhance potency 

and/or selectivity, these structural changes would simplify and shorten the synthesis, and 

these retinoids (8-14) would be more resistant to oxidation as compared to (9Z)-UAB30.
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TTNPB

NH

Am80

8-14

8 n=l; Rj=R2=R3=R4=H
9 n=l; R[=R3=R4 =H; R2=0CHj
10 n=l; Ri=R2=R4=H; Rj=OCH3
11 R!=R2=R3=H; R,=OCH3
12 n=l; R2=R3=R4=H; Ri=CH3
13 n=l; Ri=R3=H; R2=R4=CH3
14 n=2; Rj=R2=R3=R4=H

COiH

Figure 4. Structures of TTNPB, Am80, and the amide derivatives of (9Z)-UAB30.
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Abstract

We previously reported the synthesis and in vitro activity of the conformationally 

constrained 9-cis retinoic acid (RA) analog, (2£,4£,6Z,8£)-8-(3’,4’-dihydro-r(2’H)- 

naphthalen-1 ’-ylidene)-3,7-dimethyl-2,4,6-octatrienoic acid ((9Z)-UAB30) (Muccio et al. 

J. Med Chem. 1998,4 1 ,1679). (9Z)-UAB30 is a conformationally constrained analog of 

9-cis RA that locks the tetraene chain in a 6-s-trans conformation (Vaezi et al. J. Med. 

Chem. 1994, 37, 4499-4507). (9Z)-UAB30 was evaluated for nuclear receptor binding 

and transactivation, and the results were compared to previously synthesized analogs. 

We previously reported that, in a nuclear receptor binding assay, (9Z)-UAB30 exhibited 

retinoid X receptor (RXRa) selectivity (IC50 = 284 nM), which was a four-fold improve

ment in binding efficiency over (9Z)-UAB8 (ICj = 868 nM), which is an earlier synthe

sized RXRa agonist. Improvement in the RXRa transcriptional activation activity of 

(9Z)-UAB30 (ED50 = 118 nM) was approximately two-fold relative to (9Z)-UAB8 

(ED50= 220 nM). Here we report an improved synthesis of (9Z)-UAB30 and its evalua

tion as an effective chemopreventive agent in the rat mammary iV-methyl nitrosourea 

(MNU) model.

Introduction

Retinoic acid (RA) is required for diverse biological events such as growth, de

velopment, and reproduction.1,2 On a cellular level, RA regulates processes such as cell 

differentiation, proliferation, and cell death. Because RA participates in the regulation of 

gene expression, its utility as a cancer chemopreventive or a chemotherapeutic agent has 

been studied using animal models.3 Even though studies have shown that RA may be ef-
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fective in the prevention of cancer, its clinical use has been restricted due to toxicity4 and 

teratogenicity.5

Retinoids exert these pleiotropic effects through activation o f retinoid receptors, 

which are members of the hormone nuclear receptor superfamily that includes steroid, vi

tamin D, and thyroid receptors. These retinoid receptors, which cooperatively act as 

ligand-dependent transcription factors, can be divided into two classes retinoic acid re

ceptors (RARs6) and retinoid X receptors (RXRs7) and also include several subtypes 

(a,p,y) .8 The RARs and RXRs differ substantially in their respective ligand binding do

mains (LBD). RARs are activated by (all-E)-RA (ATRA), while both RARs and RXRs 

are activated by (9Z)-RA.9 After this discovery, (9Z)-RA was shown to activate both the 

RXR homodimers 10 and RAR/RXR heterodimers. 11

Recent advances in chemoprevention have led to increased attention to retinoids, 

which are currently used in the treatments o f various cancers. Tretinoin (ATRA) is used 

in the treatment o f acute promyelocytic leukemia (APL) and leads to a 90% remission 

rate. 12 Alitretmoin ((9Z)-RA) is effective and well tolerated in the treatment o f Karposis 

sarcoma (KS), which is an AIDS-related syndrome. 13 Myeloproliferation can be con

trolled by Isotretinoin ((13Z)-RA) in 50% o f children with juvenile myelomonocytic leu

kemia (JMML) . 14 Targretin (also called Bexarotene), which is an RXR-selective ligand, 

has been proven effective in the treatment of cutaneous T-cell lymphoma (CTCL) . 15

In humans, the current chemoprevention of breast cancer includes the estrogen re

ceptor antagonist Tamoxifen (TAM) 16 for high-risk patients. Tamoxifen has been used to 

treat existing breast tumors for 20 years and is currently the only Food and Drug Admini

stration (FDA) approved mammary cancer chemopreventive agent. However, long-term
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administration of TAM increases the risk of endometrial cancers, 17 since it acts as an 

agonist rather than an antagonist in the endometrium. As an estrogen antagonist in 

mammary epithelial tissue, TAM inhibits estrogen-dependent cell growth, but in endo

metrial tissue, TAM acts as an agonist triggering increased estrogen-dependent cell 

growth. Therefore, there is a need for alternative chemopreventive agents for breast can

cer. One approach is to develop new estrogen antagonists for all tissues. Raloxifen is 

currently being studied in a Phase III clinical trial for breast cancer prevention. A second 

approach to limit side effects associated with Tamoxifen therapy is by using combination 

therapy ofTamoxifen with other chemoprevention agents. The lower dose of TAM in 

combination with another chemopreventive agent may provide the same protective effect 

without disadvantages.

Anzano et al. 18 showed that (9Z)-RA when used as a single agent decreased the 

number o f tumors in rats by 50% in the A'-methyl nitrosoura (MNU) chemoprevention 

model They also explored using (9Z)-RA in combination with TAM and found that a 

synergistic effect was obtained. RXR-selective drugs have shown chemopreventive ac

tivity in animal models. Gottardis et a l19 at Ligand Pharmaceuticals established that the 

RXR-selective compound, Targretm, exhibited chemopreventive activity when used 

alone and in combination with TAM This establishes the use of retinoids, especially 

those that are RXR-selective, as potential chemopreventive agents. However, Targretin 

has side effects and has caused hypothyroidism in humans.20 There is clearly a need for 

other RXR-selective agents that have no toxicity at then: effective dose.

As previously reported, this laboratory developed a new RXR-selective retinoid, 

(9Z)-UAB30 and evaluated its capacity to prevent tumors.21 In this study we developed a
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large-scale synthesis o f (9Z)-UAB30 for evaluation m the MNU animal model for breast 

cancer. Here we demonstrate that (9Z)-UAB30 at a single dose o f200 mg/kg diet re

duced tumor incidence by at least 50% with no observed toxicity. Additional studies are 

underway to determine efficacy at the maximum tolerated dose.

Biology

In the whole animal chemoprevention assay, portions of each diet mixture were 

analyzed using high-pressure liquid chromatography (HPLC) methods for retinyl acetate 

and (9Z)-UAB30 to assure that the proper concentrations were present and the prepara

tions were stable and homogeneous. All procedures were performed under yellow light, 

and the samples were protected from light. For samples collected at the end of the study, 

the concentrations of (9Z)-UAB30, retinyl acetate, and retinyl palmitate in liver, mam

mary, and abdominal frit were determined. Samples (0.5 g) were homogenized in 2 mL 

of an aqueous solution containing 0.5 mg/mL each of ethylenediammetetraacetic acid 

(EDTA) and ascorbic acid. These preparations were extracted with methanol/ butanol 

(1:1 v/v). HPLC analyses of methanol-butanol extracts of retinoid diet samples and of 

the plasma and tissue samples (for both the dosed retinoid and retinyl palmitate) were 

performed with Spherisorb ODS 5-y columns (4.6 x 250 mm, Phase Separations, Nor

walk, CT). The flow rate was 1 mL/min, detection was by UV absorbance at 340 nm, 

and quantification was by peak area integration and external standardization. The eluents 

for extracts of diet samples were 100% methanol for (9Z)-UAB30 (retention time, 3.40 

min), 100% acetonitrile for retinyl acetate (retention time, 6.5 min), and 100% methanol 

for retmyl palmitate (retention time, 19.7 mm). To determine its activity in rats, (9Z)-
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UAB30 was evaluated in an experiment involving two groups of 20 female Sprague- 

Dawley rats/group. At SO days of age, the rats received one intravenous injection via the 

jugular vein of MNU (SO mg/kg bodyweight) that had been adjusted to pH S.O with acetic 

acid. These animals were administered (9Z)-UAB30 in the diet beginning at S3 days of 

age (or 3 days after the carcinogen). The methods employed in the preparation of diets, 

analyses of retinoid-containing diets, and exposure of MNU-dosed Sprague-Dawley rats 

to diets containing (9Z)-UAB30were previously described.22 Briefly, diets were prepared 

by mixing the appropriate amount of (9Z)-UAB30 with Teklad (4%) mash diet. For each 

kilogram of diet, the appropriate amount o f (9Z)-UAB30 was dissolved in 12 g ethanol,

19 g trioctanoin, 0.0S ml of Tenox 20 and 0.0S ml of </,/-a-tocopherol. The retinoid vehi

cle was added to the control diet. Diets were mixed in a blender (Patterson Kelley Co., 

East Strousborg, PA) and stored at 4 °C. The rats were given fresh diet three times per 

week. Because of the limited amount of compound (12 g), only one dose level of (9Z)- 

UAB30 was tested in the mammary cancer model. The rats in Group I (N = 20) received 

the carcinogen plus (9Z)-UAB30 (200 mg/kg diet), while the control group (Group II) (N 

= 20) was fed the Teklad (4%) mash diet without (9Z)-UAB30. (9Z)-UAB30 was given 

to Group I until the end of the study.

The rats were weighed once per week, palpated for mammary tumors twice per 

week, and checked daily for signs of toxicity. Following termination of the study 140 

days after the carcinogen treatment, mammary tumors were excised and processed for 

histological classification. Greater than 99% were classified as adenocarcinomas. Statis

tical analyses o f cancer incidence and latency were determined using log-rank analysis,23 

and differences in cancer multiplicity were determined by the Armitage test.24 At the
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time o f sacrifice, serum was collected for analysis of estradiol and progesterone levels 

and for analysis of the concentration of (9Z)-UAB30. In addition, the liver, uterus, and 

ovaries were weighed, and the liver was analyzed for levels o f (9Z)-UAB30 and retinyl 

palmitate.

Chemistry

As shown in Scheme 1, the first step in the synthesis of (9Z)-UAB30 was the Re- 

formatsky reaction using commercially available 1-tetralone (2). Due to the large scale, 

the first three reactions were each performed twice. The Reformatsky reaction was per

formed using 2 x 100 g of 2 to yield approximately ISO g of purified acid (combined, 

60%). This reaction proceeded through a y-lactone intermediate to stereospecifically 

yield the acid (9ZJ-3.23 (9Z)-3 (2 x 75 g) was then reduced with L1AJH4 to produce the 

solid alcohol (4) in a 95% yield, which contained 95% 9Z and 5% 9E (by NMR). The 

published synthesis26 differed in that the yield was 67%, and the isomer ratio was 1:1. In 

addition, the alcohol (4) was obtained as an oil rather than a solid. The alcohol (4), 

unlike many intermediate alcohols in retinoid synthesis, tended to be very stable, even 

when exposed to both light and heat. In feet, recrystallization was used to purify the 

crude alcohol for elemental analysis. Following storage at -78 °C overnight, alcohol 4 

(84.6 g) was oxidized with MnCh- After the reaction was complete, the reaction mixture 

was stored in a  cold room at 5 °C overnight and then filtered through a pad of silica gel 

(50% Et20/CH2C12). Approximately 10 L o f solvent were required to thoroughly wash 

the aldehyde product from the surface of the MnC^. After concentrating the combined
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Scheme 1. Synthesis of 1°

0
a-c d

CHzOH

e

2
3

(100% 9Z)
4

(98:8 9Z:9E)

CHO

f

CCfeCHzCHa
5

(4:19Z:9E)
6

(3:113E:13Z)

CO2H
[(9Z)-tMB30]

a (a) Zn/HCl; (b) ethyl 4-bromo-3-methyl-2-butenoate, 1,4 dioxane, reflux; (c) HCl 
work-up; (d) LiAlHi, ether, 0 °C; (e) MnCh, molecular sieves, CH2CI2, 0 °C; (f) NaH, 
TEPS, DMPU, THF, 0 °C; (g) (aq) KOH, MeOH, 60 °C.

filtrates in vacuo, the crude aldehyde 5 (4:1 ratio of (9Z)-5 to (o//-£)-5) was purified on 

two flash columns where excellent resolution was achieved with only 2 0 0  mg of the two 

aldehydes co-eluting. The higher Rf (9Z)-5 was a solid and could also be further purified 

by recrystallization for elemental analysis. The published synthesis26 reported the same 

combined yield for the E/Z isomers, but the isomers were produced as an oil m a 1:1 ratio 

o f 9Z/ 9E. Triethylphosphonosenecioate (TEPS) was then used to olefinate (9Z)-5 to 

produce the ester 6 . This step was performed at 0 °C to prevent further isomerization. 

The ester was obtained as a 3:1 mixture of (9Z, 13£)-6 to (9Z, 13Z)-6. In the published 

synthesis, the ester was a 2:1 mixture of (9Z, 13£)-6 and (9Z, 13Z)-6, which were sepa-
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rated by HPLC to yield oils in both cases. Using normal phase HPLC, the mobile phase 

was 97% [3:1 ether/tetrahydrofuran (THF)] in hexanes. While satisfactory for a small 

scale, this procedure was not attractive for scale-up.

In order to avoid using HPLC as a large-scale separation method, other ap

proaches were attempted. Fractional distillation of the bromoester mixture was not an 

advantageous approach, as discussed by Robinson et al.25 Even though it was possible to 

separate the two isomers of the bromoester by fractional distillation27 and convert the de

sired E isomer to the Homer-Emmons reagent, generation of the anion at 0 °C when 

treated with base caused the double bond to equilibrate to a 3:1 mixture o f E:Z.

An alternative to HPLC purification of the ester was developed, which involved 

hydrolyzing the isomeric mixture of esters ((9Z,13E)-6 and (9Z,13Z)-6) to yield the acid. 

This isomer mixture was fractionally recrystallized to obtain (9Z)-UAB30 (1). However, 

this approach was inefficient because the crude acid typically contained only 66-75% 

(9Z,13E). Therefore, only one preparation of pure (9Z)-UAB30 was obtained. Concen

tration of the mother liquor (1:1 of 13E/13Z) resulted in an oil, which could not be re

crystallized. For example, the recrystallization of 25 g of crude acid yielded only 5 g of 

pure (9Z)-UAB30. Thus, a more efficient method of separating the isomers was ex

plored.

While the separation of the esters (9Z,13E)-6 and (9Z,13Z)-6 on TLC using a 

number of solvent systems was unsuccessful early in the study, a good separation was 

eventually achieved by using 30% hexanes m toluene with I mL glacial acetic acid/500 

mL solvent. In 100% hexanes, the ester was a single spot near the baseline of the TLC
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plate, but, surprisingly, in 100% toluene the spot was near the solvent front. The optimal 

combination o f the two solvents was found to be 30% hexanes in toluene. After isolation 

of (9Z,13E)-6 by column chromatography, the ethyl ester solid was hydrolyzed under ba

sic conditions to yield the crude acid. NMR analysis of the crude acid showed retention 

of stereochemistry without isomerization. Recrystallization of the crude acid afforded the 

yellow needles (9Z)-UAB30,1, which was neither light- nor heat-sensitive and thus sta

ble at room temperature for up to 3 days.

Results and Discussion

The results from the MNU assay showed that 200 mg/kg doses of (9Z)-UAB30 

did not induce loss of body weight (Figure 1) or clinical signs of toxicity and inhibited 

the development of mammary tumors (Figure 2). Rats treated with (9Z)-UAB30 prior to 

the administration of MNU experienced a 54% decrease m the number of tumors when 

compared to the control group after 140 days. Because of the limited amount of (9Z)- 

UAB30 available, neither the maximum tolerated dose nor the optimal dose was deter

mined. (9Z)-UAB30, at the dose used in this assay (200 mg/kg), was highly effective in 

delaying the time of appearance of mammary tumors and decreased the total number of 

tumors at the end of the study (Figure 1). The carcinogen-treated-only group (Group I) 

had 7.5 mammary tumors/rat, while the (9Z)-UAB30-treated animals had 3.5 tumors/rat 

(a 53% reduction).

Other retinoids have also been tested in the MNU assay for mammary cancer 

chemoprevention. Anzano et a l18 first reported the potential o f 9-cis RA both as a single
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Figure 1. Comparison of body weights of the control vs. rats treated with (9Z)-UAB30.

agent and in combination with Tamoxifen. After treating the rats with 9-cis RA for 4.5 

months, the number of tumors was decreased from 2 .6  tumors/rat (control group) to 0 .6  

tumors/rat at a dose of 120 mg/kg diet. However, doses exceeding 50 mg have been as

sociated with teratogenicity.

Gottardis et al. 19 also reported the results from the MNU assay for the RXR- 

selective retinoid Targretin, which is currently approved in the treatment of cutaneous T- 

cell lymphoma. LGD1069 (Targretin) was also tested at two doses for 12 weeks. In this 

model, final tumor incidence for the 30 and 100 mg/kg-treated animals was 22% (N -1 8 ) 

and 12% (N -1 6 ) of controls, respectively, after 21 days. Retinoids may have systemic 

toxic effects. For example, it is well known that dosing o f rats with retinyl acetate leads 

to increased hepatic concentrations o f retinyl palmitate.28 Administration of natural
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Figure 2. Comparison of average number o f tumors per rat in the control 
animals vs. rats treated with (9Z)-UAB30.

retinoids can result in retinyl palmitate levels as high as SOO mg/g of liver, which can lead 

to cirrhosis. Synthetic retinoids may also affect liver storage of retinyl palmitate.

We evaluated indicators o f retinoid-associated toxicity in the present MNU assay. 

As shown in Table 1, for rats receiving Teklad diet only, the retinyl palmitate level m the 

liver was 1.29 mg/kg, while, in the rats receiving (9Z)-UAB30, the level was 0.54 mg/kg. 

Thus, as opposed to other retinoids such as retinyl acetate or retinyl methyl ether, this 

retinoid did not increase retinyl palmitate levels. A slight increase in liver weight from 

3.2 to 3.7 was observed m the (9Z)-UAB30-treated annuals, but this increase may not be 

significant due to the small number o f rats involved m this study.
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Treatment with (9Z)-UAB30 resulted in moderately decreased retinyl palmitate 

levels (0.54 mg/g) in comparison to untreated rats (1.29 mg/g). The lower concentrations 

of retinyl palmitate in the livers of the rats treated with (9Z)-UAB30 revealed that the 

drug does not enhance the storage o f retinyl esters. Another indication of the lack of tox

icity was the absence of detectable levels of (9Z)-UAB30 in the liver. This is in contrast 

to other retinoids, like retinyl acetate, which accumulate in the liver.

Overt signs o f toxicity were also absent m whole animals as shown by the effect 

of (9Z)-UAB30 on the body weights of rats during the course o f the study (Figure 1). As 

indicated in Figure 1, at a 200 mg/kg dose (9Z)-UAB30 did not alter body weight gam. 

Furthermore, there were no other signs of clinical toxicity (alopecia, bone fractures, limp 

mg). Overt signs of toxicity were not observed with LGD1069 at the 100 mg/kg dose, 

with only one rat showing signs of alopecia.

Table 1. Effects of (9Z)-UAB30 on Plasma Levels of Estradiol and Progesterone and on 
the Liver Concentration of Retinyl Palmitate in Rats

diet Estradiol Progesterone Retinyl palmitate
(pg/ml of serum) (ng/ml of serum) (mg/g of liver)

Teldad Diet only 6.48 ±2.37 5.96 ± 1.02 1.29 ±0.02

(9Z)-UAB30* 3.45 ±1.12 3.16 ±0.77 0.54 ±0.03

a Dose: 200 mg/kg diet.

The development of mammary tumors is dependent on levels of the sex steroid 

hormones estrogen and progesterone. These levels were not reported in the MNU assay 

involving 9-cis RA. 18 However, these hormone levels were monitored for both 

LGD106919 and (9Z)-UAB30. It is o f interest that serum estradiol and progesterone
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levels were decreased in rats receiving (9Z)-UAB30 (Table 2). It is possible that this is 

the mechanism by which the agent prevents mammary carcinogenesis since many of the 

tumors are hormone dependent.

Table 2. Effect of (9Z)-UAB30 on Body Weight and on the Weights of Liver, Uterus, 
and Ovaries o f Rats

diet body liver uterus ovaries
Teklad Diet 261 ±7 3.2±0.1 0.17 ±0.02 0.044 ±0.001

(9Z)-UAB30 247 ±11 3.7 ±0.1 0.22 ±0.03 0.062 ± 0 .0 0 2

The same phenomenon was previously reported for LGD1069 as well. 19 Estradiol 

was decreased from 23.6 ± 4.2 to 16.3 ± 2.7 pg/mL (a 31% decrease), while progesterone 

levels remained similar (from 32.0 ± 5.8 to 35.3 ± 5.8 pg/mL). In contrast to Targretin, 

(9Z)-UAB30 dosing resulted in decreases in both estradiol and progesterone levels each 

by 47%. Unexpected^, both uterine and ovarian weights were increased. This is a sur

prising result since estradiol and progesterone levels were both lowered. Due to the small 

number of animals (N = 20) used in this preliminary screen, the 15% increase m uterine 

weight may not be statistically or biologically significant. The 41% increase in ovarian 

weight could be due to a negative feedback mechanism. Depressed estradiol levels tend 

to increase follicle-stimulating hormone (FSH) levels, which in turn sense a lack of ster

oids and stimulates ovarian cell proliferation, thus accounting for the increase in ovarian 

weight. Of course, this is matter of conjecture, and further studies must be performed in 

order to monitor serum levels of FSH and hitenizing hormone (LH) in order to support 

this conjecture.
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Clinical trials of the RXR-selective drug Bexarotene (Targretin) have shown that 

hypothyroidism (caused by thyrotropin inhibition) and leukopenia are side effects in pa

tients treated for cutaneous T-cell lymphoma at a dose o f650 mg/m2.20 Therefore, the se

rum levels of thyroid stimulating hormone (TSH), produced in the anterior pituitary gland 

and responsible for the secretion of thyroid hormones such as thyrotropin, need to be 

evaluated.

In summary, (9Z)-UAB30 is active in the prevention of mammary tumorigenesis 

in rats at a nontoxic dose level. Additional studies at higher dose levels are warranted, as 

well as the evaluation of the compound in other cancer models.

Experimental Section

Biology. Chemicals and other materials and their sources are as follows: [11,12- 

3H] retinol and [1 1,12-3H] retinoic acid (NEN Life Science Products, Boston, MA); reti

nol, retinyl acetate, retinoic acid, trioctanoin, and d,l-a-tocopherol (Sigma Chemical Co., 

St. Louis, MO); iV-methyl nitrosourea (MNU) (Ash Stevens, Inc., Detroit, MI); Tenox 20 

(Eastman Chemical Co., Kingsport, TN); and Teklad mash diet and Sprague-Dawiey rats 

(Harlan Sprague-Dawiey, Indianapolis, IN).

Chemistry. 'H NMR spectra were obtained at 300.1 MHz on a Broker spec

trometer in CDCI3. UV-Vis spectra were recorded on both an AVIV 14DS spectropho

tometer and a Hewlett-Packard spectrophotometer in methanol or acetonitrile solutions 

(Fisher, spectrograde). IR spectra were recorded using a Bomem FTIR spectrometer. 

TLC was performed on a precoated 250 pm silica gel plates (Anahech, Inc.; 5x10 cm).
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Solvents and liquid starting materials were distilled prior to use. Reactions and purifica

tions were conducted with deoxygenated solvents, under inert gas (ty) and subdued light

ing. Melting points were recorded on a Melt-Temp melting point apparatus and are un

corrected.

(2Z, 4£)-4-(3\ 4’-Dihydro-l’(2’H)-niphthalen-r-ylidene)-3-methyl-2- 

butenoic Acid (3). Zn dust (312 g, 4.80 mol) was stirred with 20% HC1 (740 mL) for 20 

min at room temperature. The mixture was allowed to settle, and the liquid was carefully 

removed with a pipet. The Zn was then washed with water (3 x 1 L), anhydrous acetone 

(3 x 1 L), and anhydrous ether (3 x 1 L). After residual ether was removed under a 

stream of N2, the flask was gently heated with a heating mantle for 30 min, followed by 

strong heating with a bunsen burner flame for 1 min. The cooled Zn dust was suspended 

in anhydrous 1,4 dioxane (750 mL) and a solution of 1-tetralone (2 ,100 g, 0.680 mol), 

ethyl 4-bromo-3-methyl-2-butenoate 8  (283 g, 1.37 mol), and anhydrous 1,4 dioxane 

(750 mL) was added over 10 min, which produced an exothermic reaction. The resulting 

reaction mixture was stored at reflux for 3 h and then cooled to room temperature. The 

reaction mixture was diluted with ether (1 L), acidified with 5% HC1 (1 L), and filtered 

through a pad of Ceixte. The filter was washed well with ether (250 mL), and the ether 

layer from the filtrate was split into two fractions due to the limited capacity of the sepa

ratory funnel The ether layer (1 L) was extracted with 1N NaOH (3 x 1L). The pH of 

the basic aqueous layer was adjusted to pH 1-2 with 5% HQ and extracted with ether (3 

x 1L). The organic layer was washed with saturated NaQ solution, dried (NaiSCU), and 

concentrated under vacuum to provide the (9Z)-acid 3 (100 g, 70% yield) as a crude oily
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solid. Purification o f this solid was accomplished by trituration with cold 10% 

EtOAc/Hexanes (200 mL) to yield 3 (75 g, 49%) as a yellow crystalline solid: mp 148- 

149° (ether/hexanes) (lit.26 mp 153-154°); FTIR(KBr) 1677 (C=0), 1618 (C=C) cm*1;

MS m/e 229.1 (MH*); UV-Vis (MeOH) X** 311 nm (e=l 1928); lH NMR (CDC13):

87.67-7.64 (m, 1H), 7.18-7.07 (m, 4H), 5.78 (s, 1H), 2.80 (t, 2H, J=6.23), 2.57 (dt, 2H, 

J=1.40 & 6.20), 2.13 (s, 3H), 1.83 (p, 2H, J=6.27); 13C NMR (CDC13): 8171.88, 156.41, 

140.22, 138.62,136.15, 129.43,128.17,126.63, 125.28,122.50,118.41,30.60,29.05, 

26.13,23.68.

Anal. (Ci5H160 2 ) calcd.: C 78.92% H 7.06%. Found: C 78.93% H 7.15%.

(2Z,4£)-4-(3’,4’-dihydro-l,(2’H)-naphthalen-r-ylidene)-3-methyl-2-buten-l- 

ol (4). A solution of the acid 3 (92.0 g, 0.400 mol) in anhydrous ether (4 L) was cooled 

to -78 °C, and a 1 M solution of LiAlFL in ether (400 mL, 0.400 mol) was added with 

storing under nitrogen. After the dry ice-isopropanol bath was removed, the reaction 

temperature was brought to 0 °C with an ice water bath and allowed to stir for 3h. The 

reaction was quenched with methanol (100 mL) followed by the addition of 5% HC1 (1 

L). The mixture was extracted with ether (2 x 500 mL), washed with saturated NaCl so

lution (1 L), dried (Na2SC>4), and concentrated in vacuo to give a solid residue 4 (84.6 g, 

98%) as a white solid: mp 50-51 °C (ether/hexanes); FT IK (KBr) 3334 (OH), 1612 

(C=C); MS m/e 215 (MH*); UV-Vis (MeOH): W  265 nm (e=13300); lH NMR 

(CDClj): 87.60-7.57 (m, 1H), 7.18-7.07 (m, 4H), 6.36 (s, 1H), 5.55 (t, 1H, J=6.63), 4.05 

(d, 2H, J=6.63), 2.82 (t, 2H, J=6.30), 2.35 (tt, 2H, J=1.44 & 4.69), 1.86-1.73 (m, 5H); 13C
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NMR (CDCIj): 6137.90, 137.77, 136.57, 135.93, 129.63, 129.42, 127.78,126.73, 126.41, 

124.59,122.45,32.04,30.64,28.40,24.42,24.07,23.11,14.58.

4-(3’, 4’-dihydro-r(2’H)-naphthalen-r-yIidene)-3-inethyI-2-buten-l-al [(9Z)- 

5 and all-E 5]. A slurry containing activated MnQ: (6 8 8  g, 8.00 mol), powdered mo

lecular sieves (250 g), and anhydrous CH2CI2 (2 L) was prepared and cooled to 0 °C. A 

solution of the alcohol 4 (84.6 g, 0.400 mol) in anhydrous CH2CI2 (2 L) was added, and 

the reaction mixture was vigorously stirred (overhead stirrer) at 0 °C for 3 h. The reac

tion mixture was filtered through a pad o f flash silica gel, and the filter was washed with 

a cold 50% ether/CH2Cl2 solution (10 L). The filtrate was concentrated under vacuum to 

give an oily residue (60 g). This was placed on a flash silica gel column (50 x 6  cm) and 

eluted with 10% EtOAc/hexanes to yield both (9Z)- and (all-E)- 5.

(9Z-5): 35.6 g (42%) yellow solid: mp 6 6 -6 8  °C; FTIR (KBr) 1661 (C=0), 1603 

(C=C) cm*1; MS m/e 213 (MfT); UV-Vis (MeOH) Km* 237 nm (e=13950); lH NMR 

(CDCI3): 69.77 (d, 1H, J=8.25), 7.65-7.59 (m, 1H), 7.24-7.11 (m, 3H), 6.56 (s, 1H), 5.82 

(td, 1H, J=1.28 & 8.36), 2.86 (t, 2H, J=6.31), 2.49 (td, 2H, J=6.20 &1.58), 2.09 (s, 3H), 

1.83 (p, 2H, J=6.27); I3CNMR(CDC13): 6193.58, 159.78,142.15, 138.55, 135.02,

129.86, 129.44, 128.80,126.61, 124.83, 120.60,30.45,28.84,25.68,24.09.

Anal. (Cl5Hl60 ) calcd.: C 84.87% H 7.60%. Found: C 84.57% H 7.61%.

(all-E)-5:2.0 g (2.4%) yellow oil; FTIR (neat) 1664 (C=0), 1604 (C=C) cm*1;

MS m/e 213 (MH*); UV-Vis (MeOH): W  277 nm (e=10780); lHNMR (CDCIj):

810.10 (d, IH, J=8.16), 7.60 (d, 1H, J=8.10), 7.26-7.11 (m, 3H), 6.50 (s, 1H), 6.04 (d, 1H, 

J=8.15), 2.83 (t, 2H, J=6.25), 2.76 9t, 2H, J=6.29), 2.35 (s, 3H), 1.84 (p, 2H, J=6.24); l3C
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NMR (CDCI3): 8156.38,142.94,138.86,135.39,129.19,128.47,127.73,126.41,125.53, 

124.65,30.03,29.00,23.51, 18.77.

(2E,4E,6Z,8E)-Ethyl8-(3,,4,-dihydro-r(2’H)-naphthaleii-r-ylidene)-3,7- 

dimethyl-2,4,6-octatrienoate ((9Z)-6). In a dry round-bottom flask flushed with N2 (g), 

NaH (60% dispersion in mineral oil) (2.06 g, 61.3 mmol) was washed with hexanes three 

times to eliminate the mineral oil. At 0 °C, the NaH was suspended in anhydrous THF 

(25 mL), and fleshly distilled triethyl phosphonosenecioate (15.0 g, 56.6 mmol) was 

added followed by distilled 1,3-Dimethyl-3,4,5,6-tetrahydro-2( l//)-pyrimidinone 

(DMPU) (catalytic amount) and allowed to stir for 20 min. To this mixture was added 

(9Z)-5 (10.0 g, 47.2 mmol), and the reaction proceeded for 30 min. The reaction was 

quenched with methanol (20 mL), and the reaction mixture was diluted with ether (300 

mL). The ether layer was washed with saturated NaHC0 3  (300 mL) followed by brine 

(300 mL). The product was dried (Na2S0 4 ) and concentrated in vacuo to give the ester as 

a mixture o f geometrical isomers. The product was purified by flash chromatography and 

eluted with 30% hexanes in toluene to yield (9Z)-6 (19.3 g, 84%) yellow solid. FTIR 

(neat) 1709 (C=0), 1604 (C=C) cm'1; MS m/e 277 (MH*); UV-Vis (MeOH) 334 nm 

(e=28297); lHNMR(CDCl3): 87.67-7.62 (m, 1H), 7.21-7.11 (m, 3H), 6.69-6.59 (m, 1H), 

6.47 (s, 1H), 6.23 (d, 1H, J=15.6), 6.12 (d, 1H, J=11.0), 5.75 (s, 1H), 4.19-4.14 (m, 2H), 

2.85 (t, 2H, J=6.25), 2.40 (m, 2H), 2.22 (d, 3H, J=0.75), 1.98 (s, 3H), 1.83 (p, 2H, 

J=6.26), 1.33-1.23 (m, 3H); ,3CNMR(CDC13): 8232.47, 153.33, 151.84, 140.87, 138.18,

134.45.133.29, 129.66, 128.67,128.54, 127.85,126.44, 124.81, 122.91,118.82,116.81,

30.66.28.96.25.11.24.16.21.50.14.78.14.29.
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(2E,4E,6Z,8E)-8-(3\4’-Dihydro-r(2’H)-naphthalen-r-yIidene)-3,7-diinethyl- 

2,4,6-octatrienoic Acid [(9Z)-1 or (9Z)-UAB30). The ester (9Z,13E)-6 (10.0 g, 31.0 

mmol) was dissolved in HPLC grade methanol (517 mL, final concentration 0.06 M) and 

a solution of 2 M aqueous KOH (186 mL) was added. The reaction mixture was heated 

to 60 °C and the reaction proceeded for 2 h, after which the hot solution was allowed to 

cool to room temperature. The flask was then cooled to 10 °C in an ice bath and acidified 

with 5% HC1 (pH 1*2). The mixture was then filtered, and the filtered solid was dis

solved in ether, dried (Na2S0 4 ), and concentrated in vacuo. The acid was recrystallized 

from ether/ CH2CI2 to yield (9Z)-1 (6.9 g, 76%) as yellow needles: mp 183-184 °C 

(ether/CH2Cl2) (lit.26 mp: 180-185°C); FTIR (KBr) 3563 (OH), 1670 (C=0), 1592 (C=C) 

cm*1; MS m/e 295 (MH+); UV-Vis (MeOH) 332 nm (e=29470); ‘H NMR (CDCIj):

57.68-7.59 (m, 1H), 7.23-7.11 (m, 3H), 6.68 (dd, 1H, J=11.02 & 4.25), 6.47 (s, 1H), 6.26 

(d, 1H, J=15.3), 6.12 (d, 1H, J=ll.0), 5.77 (s, 1H), 2.85 (t, 2H, J=6.27), 2.40 (dt, 2H, 

J=6.12 & 1.29), 2.23 (s, 3H), 1.98 (s, 3H), 1.82 (p, 2H, J=6.24); I3C NMR (CDC13): 

5172.92,155.96, 141.71, 138.56,138.22, 136.08,134.25, 134.20,129.69, 128.00,127.79, 

126.48, 124.84, 122.87, 117.99,30.65,28.97,25.17,24.16, 14.49.

Anal. (C20H22O2) calcd.: C 81.60% H 7.53%. Found: C 81.78% H 7.53%.
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Abstract

We recently reported the synthesis and biological activity of the conformationally 

defined 6-s-trans retinoic acid (RA) analogue, (9Z)-UAB30 [(2£,4£,6Z,8£)-8-(3 ’,4’- 

dihydro-r(2’H)-naphthalen-r-ylidene)-3,7-dimethyl-2,4,6-octatrienoic acid], which is 

retinoid X receptor (RXRa) selective (ICjo=  284 nM; EC50 = 118 nM) (Muccio et al. J. 

Med Chem. 1998,41,1679). In order to explore which structural characteristics affect 

RXRa binding and selectivity, analogues were synthesized with substituents on both the 

phenyl and cyclohexenyl rings of the fused ring system of UAB30. Both the binding af

finity and the transcriptional activation ability of these retinoids were measured for the 

retinoid nuclear receptors retinoic acid receptor (RAR) (a, (3, y) and RXRa. Substitution 

at the S’, 6’, and T  positions on the phenyl ring abrogated RXRa binding affinity, but 

substitution at the 4’ position on the cyclohexenyl ring resulted in a dual RARa/RXRa- 

selective agonist with enhanced binding affinity and activation for both receptors.

Introduction

Retinoic acid (RA) is requisite for diverse biological events such as growth, de

velopment, and reproduction.u  On a cellular level, RA regulates processes such as cell 

differentiation, proliferation, and cell death. Because RA participates in the regulation of 

gene expression, its utility as a cancer chemopreventive or as a chemotherapeutic agent 

has been studied using animal models.3 Even though studies have shown that RA may be 

effective in the prevention and treatment of cancer, its clinical use has been restricted due 

to toxicity4 and teratogenicity.5

Retinoids presumably exert these pleiotropic effects through activation of retinoid 

nuclear receptors, which are members of the hormone nuclear receptor superfamily that
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includes steroid, vitamin D, and thyroid receptors. These retinoid receptors, acting coop

eratively as ligand-dependent transcription factors, can be divided into two classes 

(RARs6 and RXRs7) and also include several subtypes (a,p,y).8 The RARs and RXRs dif

fer substantially in their respective ligand binding domains (LBD) and are thus activated 

by different ligands (Figure 1). RARs are activated by (alI-trans)-RA (ATRA),6 while 

both RARs and RXRs are activated by (9Z)-RA.9 After this discovery, (9Z)-RA was 

shown to activate both the RXR homodimers10 and RAR/RXR heterodimers.11

Recent advances in chemoprevention have led to increased attention to retinoids, 

which are currently used in the treatments of various cancers. Tretoinin (ATRA) is used 

in the treatment of acute promyelocytic leukemia (APL) and leads to a 90% remission 

rate.12 Alitretinoin ((9Z)-RA) is effective and well tolerated in the treatment of Karposis 

Sarcoma (KS), which is an AIDS-related syndrome.13

9-cis retinoic acid (9-c/s RA)

alHnns retinoic acid (ATRA)

Figure 1. Structures of two natural retinoids.

Myeloproliferatkm can be controlled by Isotretinoinin ((13Z)-RA) in 50% of chil

dren with juvenile myelomonocytic leukemia (JMML).14 Targretin (also called Bexaro- 

tene), which is an RXR-selective ligand, has been proven effective in the treatment of 

cutaneous T-cell lymphoma (CTCL).15 Targretin is also currently undergoing clinical
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taneous T-cell lymphoma (CTCL).15 Targretin is also currently undergoing clinical trials 

for breast cancer chemoprevention after showing promising activity in rats m the N- 

methyl nitrosourea (MNU) model for mammary cancer chemoprevention. RAR and 

RXR selective ligands have shown promise as therapeutic agents for breast cancer in 

animal models.16

Another possible use for retinoids is chemoprevention, either alone or in combina

tion with other hormone agonists or antagonists.16 In animal models, the RAR/RXR pan

agonist (9Z)-RA and other RXR-selective retinoids are effective in animal models for the 

chemoprevention of breast cancer.17 In humans, the only currently Food and Drug Ad

ministration (FDA) approved chemopreventive drug is the estrogen antagonist Tamoxifen 

(TAM).1* Preliminary results have shown that long-term administration of TAM in

creases the risk for endometrial cancers19 as well as formation of blood clots. The in

creased risk for endometrial cancer is due to the ability of TAM to act as either an agonist 

or an antagonist, depending on tissue type. As an estrogen antagonist in mammary tissue, 

TAM inhibits estrogen-dependent cell growth, but, in endometrial tissue, TAM acts as an 

agonist triggering increased estrogen-dependent cell growth. Another major complica

tion with long-term TAM therapy is the development of resistance to the drug. Possible 

explanations for TAM resistance include absence or toss of estrogen receptors, agonist 

activity, altered expression o f receptor-interacting proteins and cross talk among the 

growth signaling pathways.20 In many cases o f TAM resistance, estrogen receptor posi

tive (ER*) tumor cells become ER\ which are refractory to TAM treatment. The main 

course of action to the case of the very aggressive ER* tumor involves chemotherapy. 

Therefore, there is a need for alternative chemopreventive agents for breast cancer. An
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approach to limit the aforementioned side effects associated with TAM therapy would be 

to decrease the dose by use in combination with other drugs such as retinoids.

It is well known that classic retinoids such as ATRA inhibit proliferation as well 

as induce apoptosis in ER+ cells. ER+ cells are generally more sensitive to the effects of 

RAR-selective retinoids rather than RXR-selective retinoids because ER+ cells express 

RAR receptors. In ER+ cells, RAR-selective retinoids are much more effective in growth 

inhibition with RARa specific agonists eliciting the greatest effect.21 However, ER' cell 

lines are resistant to the effects of ATRA. Raffo and co-workers demonstrated that RXR- 

selective ligands were able to inhibit proliferation and induce apoptosis in the ER' ATRA- 

resistant cell line MDA-MB-231.22 Interestingly, retinoid analogs were able to induce 

apoptosis m ZR-7S.1 cells, which is a result unlike that of ATRA in the same cell line, 

which was only able to inhibit proliferation.23 Thus, retinoid analogs with RXR specific

ity may be used as chemotherapeutic agents for ER' tumors.

As mentioned previously, RXR-selective drugs have shown chemopreventive ac

tivity in animal models. In addition, RXR-selective drugs are associated with fewer side 

effects than RAR-selective drugs. Anzano and coworkers showed that (9Z)-RA, when 

used as a single agent in the MNU assay, decreased the number o f tumors in rats by 

50%.17 They also explored using (9Z)-RA in combination with TAM and found that a 

synergistic effect was obtained. Ligand Pharmaceuticals found that the RXR-selective 

compound, Targretin, exhibited chemopreventive activity when used alone or in combi

nation with TAM,24 however, Targretin has caused hypothyroidism as well as leukopenia 

in humans.25 Therefore, there is a need for other RXRa ligands with reduced side effects.
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RXR ligands have also been used in combination with RAR agonists. In feet, 

RXRa ligands potentiate the transcriptional effects o f RAR ligands26 in various cell lines, 

including HL-60 and NB-4 cells. Thus, this combination therapy could potentially be 

used to treat leukemia. This synergistic interaction was explained by Westin et a l, who 

elucidated the interactions controlling the assembly of heterodimers with their co 

activators.27 In the absence of ligand, the activation function (AF-2) domain o f RXR was 

docked in the RAR co-activator interaction site, preventing the binding of RXR ligands. 

Following ligand binding by RAR, steroid receptor co-activator (SRC-l) was recruited 

through one of the three LXXLL motifs and displaced the RXR AF-2 domain from RAR, 

thus relieving the allosteric inhibition and allowing RXR ligands to bind. The binding of 

the RXR ligand promoted interaction with a second LXXLL motif from the same SRC-1 

molecule with RXR, stabilizing the complex. This model explained the selective respon

siveness of RAR-RXR heterodimers to RAR ligands and resolved the paradox o f why 

RXR ligands potentiate the effects of RAR ligands. Thus, RXR selective ligands can be 

clinically beneficial in the treatment of cancer.

As discussed in previous reports, the 6-s-tram conformation was preferred for 

retinoidal activity. Thus by conformational^ constraining 9-cis RA in the 6-s-tram con

formation, a new class o f synthetic retinoids was developed (Figure 2).28 It was shown 

that retinoids with bulkier groups at the 5 and 6 positions ((9Z)-UAB8) exhibited in

creased RXRa binding affinity, as well as improved selectivity for RXRa (Table 1). The 

next generation o f (9Z)-RA analogs, (9Z)-UAB30 and derivatives, were further confor- 

mationally constrained by including the Rt and R2 substituents in an aromatic ring sys

tem.29 This was accomplished by fusion of the cyclohexenyl ring to a phenyl ring.
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CO-.HC 02H

Figure 2. Design strategy for the conformational^ constrained 6-s-trans analogs of 
(9Z)-RA.

This strategy resulted in an RXRa agonist (9Z)-UAB30 (IC50=284 nM; E C jo =118 nM) 

shown in Table 1 with a four-fold improvement in binding affinity over (9Z)-UAB8 in 

addition to enhanced RXR-selectivity.

In contrast to previous biological results showing (9Z)-UAB30 as RXR-selective 

with no RAR affinity,29 recent activation experiments indicated that (9Z)-UAB30 did in 

fact activate RARa, but to a lesser extent in comparison to RXRa. Recent studies also 

revealed a significant difference with regard to the binding affinity (IC50=960 nM) to 

RXRa in comparison with the previously reported result (IC50=268 nM).29 The results 

from the transcriptional activation assay confirmed the newer binding values. Experi

ments performed previously also indicated that (9Z)-UAB30 had little affinity for the 

RARa/RXRa heterodimer (ECjo=>1000 nM), leading our group to believe that (9Z)- 

UAB30 would affect cells in vivo through interaction with the RXRa/RXRa homodimer. 

However, since (9Z)-UAB30 possesses affinity for RARa as well as RXRa, the
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Table 1. Summary of the IC30 and EC jo  Values (nM) for (9Z)-UAB8 and (9Z)-UAB30 
Retinoids in Nuclear Receptor Binding and Transcriptional Activation Assays

retinoid RARa

IC50

RARP RARy RXRa RARa

EC50

RARP RARy RXRa

(9Z)-RA 31 8 60 82 18 27 10 27

(9Z)-UAB8 > 1 0 0 0 > 1 0 0 0 > 1 0 0 0 8 6 8 > 1 0 0 0 > 2 0 0 0 190 2 2 0

(9Z)-UAB30 > 2 0 0 0 > 2 0 0 0 > 2 0 0 0 284 > 2 0 0 0 > 2 0 0 0 > 2 0 0 0 118

biological effects of (9Z)-UAB30 are most likely mediated by the RAR/RXR het

erodimers as well as RXR/RXR homodimers. Subsequently, additional biological data 

are required in order to solve the paradoxical results obtained in the binding and tran

scriptional activation assays.

In this report, analogs of (9Z)-UAB30 wese designed and synthesized in order to 

enhance the binding affinity for RXRs. At the time, only the apo-RXRa structure was 

available. The holo-RXRa structure was published after this work had been completed.

As shown with RARy as well as other hormone nuclear receptors, a substantial conforma

tional change takes place upon ligand binding. Therefore, molecular modeling with the 

protein was not a straightforward tool in the design of these ligands.

RXR-selectivity could be achieved first with a (9Z)-RA skeleton and second by 

inducing a twist in the 6-7 single bond.29 Molecular modeling studies performed in our 

lab indicated that this torsion angle (V6,w )  of (9Z)-UAB30 was more twisted than that 

of (9Z)-RA, thus accounting for the increased RXR-selectivity o f (9Z)-UAB30. Few 

RXR-selective ligands have been reported, and the effects o f substitution about the region
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corresponding to the cyclohexenyl ring on RXR activity and selectivity have not been 

explored. As shown by the (9Z)-UABl-8 series of retinoids, additional steric bulk in this 

region increased RXR activity. We believed that the ligand-binding pocket (LBP) of 

RXR may accommodate a  larger ligand and activity might be enhanced through hydro- 

phobic interactions between RXR and the ligand. Several commercially available start

ing tetralones substituted with methoxy and methyl groups were selected for this purpose.

Ideally a homologous series should be used to investigate the effects of substitu

tion at each of the positions about the tetralone ring, but this was not possible using com

mercially available agents. The 2-methyl, 4-methyl, and the S,7-dimethyl tetralones were 

commercially available, but not the S-, 6-, and 7-methyl analogs. Instead, the com

mercially available S-, 6-, and 7-methoxy-tetralones were used. In addition to the steric 

effect of the methyl group, these also included an electronic effect due to the presence of 

the oxygen in the methoxy substituent.

Synthesis

Scheme 1 shows the synthesis of (9Z)-UAB30 1 and derivatives 2-6. This syn

thetic approach was based upon that used previously to synthesize (9Z)-UAB30.29 As 

shown in Scheme 1, the carboxylic acids 25-30 were prepared from the commercially 

available 1-tetralone derivatives (7-12) via the Reformatsky reaction. The acids (13-18) 

were then reduced with lithium aluminum hydride to give the alcohols (19-24) in almost 

quantitative yields. The alcohols were >95% 9Z, which differed from that reported pre

viously for (9Z)-UAB30. After column purification, Muccio et aL29 obtained the
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Scheme 1. Synthesis of analogs of (9Z)-UAB30a

R4
7-12

7R l=R2=R3=R4=H 
8  R2=OCH3; Rt=R3=R4=H 
9 R 3 = O C H 3 ; R i= R 2 =R 4=H  

10 R4=OCH3; R!=R2=R3=H 
11R,=CH3; R2=R3=R4=H 
12 Rl=R2=CH3; R3=R4=H

13-18

13 Ri=R2=R3=R4=H
14 R2=OCH3; R!=R3=R4=H 
15R3=OCH3 j R[=R2=Rt=H 
16 R4O C H 3; Rl=R2=R3=H 
17R,=CH3;R2=R3=R4=H 
18 R!=R2=CH3; R3=R4=H

19-24
19 Rl=R2=R3=R4=H
20 R2=OCH3; Ri=R3=R4=H
21 R3=OCH3; Rl=R2=R4=H
22 R4=OCH3; Ri=R2=R3=H 
23Ri=CH3;R 2=R3=R4=H 
24R 1=R2=CH3;R 3=R4=H

CHO

25-30

25R i=R2=R3=R4=H
26 R2=OCH3; Ri=R3=R4=H
27 R3=OCH3; Ri=R2=R4=H
28 R 4 O C H 3 ; Ri=R2=R3=H 
2 9 R ,= C H 3; R 2= R 3= R 4 = H  

30 R!=R2=CH3; R3=R4=H

a (a) Zn/ HC1; (b) Ethyl 4-bromo-3-methyl-2-butenoate, 1,4-dioxane, reflux; (c) 15% 
HC1 work-up; (d) LLAIH4, diethyl ether, 0 °C; (e) M11O2, molecular sieves, ClfcCk,0 °C; 
(0 NaH, TEPS, DMPU, THF, 0 °C; (g) 0.8 N KOH, MeOH, 60 °C.
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Scheme 1 (Continued)

31-36

31 R,=R2=R3=R4=H
32 R2=OCH3; Ri=R3=R4=H
33 R3=OCH3; Ri=R2=R4=H
34 R4=OCH3; Ri=R2=R3=H
35 R i=CH3; R2=R3=R4=H
36 R1=R2=CH3; R3=R4=H

R4

^  C0 2H

1 R|=R2=R3=R4=H
2 R2=OCH3; R l=R3=R4=H 
3 R3=OCH3;Rj=R2=R4=H 
4 R4=OCH3;Ri=R2=R3=H 
5 R,=CH3;R 2=R3=R4=H 
6 R,=R2=CH3;R 3=R4=H

intennediate alcohol ((9Z)-UAB30 synthesis) m a 67% yield with a 1:1 ratio, of U  £ .29 

The result reported here was an obvious improvement in both yield and isomer ratio con

sidering that the 9Z isomer was the deshed isomer. The crude alcohols (19-24) were oxi

dized to the aldehydes (25-30) upon treatment with manganese (TV) oxide in anhydrous 

dichloromethane. This was a light and heat sensitive reaction, so this step was performed 

in the dark at 0 °C. In order to drive the reaction to completion, powdered molecular 

sieves were added to the reaction mixture and stirred vigorously with an overhead stirrer. 

In the reported synthesis, it was found that sea sand offered an advantage over molecular 

sieves.29 With these compounds, sea sand caused isomerization of the 9Z-aldehyde. Af

ter the reaction reached completion, the reaction mixture was filtered through a pad of 

flash silica. The filtered solid (MnC>2 and sieves) was transferred to the reaction flask and 

stirred with 50% ether in CH2CI2 for 30 min. This process was repeated twice more in
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order to maximize the yield. Additional washing (>3 tunes) of the filtered solid did not 

yield more aldehyde. Even though a 77% yield was obtained for 25, the typical yield for 

intermediate aldehydes 26-30 was 60%, and the ratio of 9Z to 9E varied from4:1 to 5:1. 

In the published synthesis o f (9Z)-UAB30, a 59% yield was reported, and the isomer ra

tio was 1:1 Z/ E.29 The reported yield for 25 was an improvement, but more importantly, 

the isomer ratio was enriched in the 9Z isomer. Of course, this was due to the 9Z- 

enriched alcohol obtained in the reduction.

The (9Z)-aldehydes 25-30 were then olefinated via a Homer-Emmons reaction to 

yield the crude esters. The crude esters were purified by flash chromatography to yield 

the purified esters (31-36), which were mixtures of geometric isomers in a ratio of 3:1 

(9Z) to (9Z, 13Z). In a prior synthesis of (9Z)-UAB30 ester (31), high-pressure liquid 

chromatography (HPLC) on silica was used to separate the two isomers. However, it 

was discovered that recrystallization of the final product 1 could be utilized to separate 

the two isomers. The (E,Z)-ester mixtures were thus hydrolyzed to the acid under basic 

conditions with gentle heating m the absence of light for 1.5 h to yield the crude acid in 

90% yield. Longer reaction times resulted m isomerization of the acid and a very crude 

product that could not be recrystallized. The product was fractionally recrystallized from 

ether/dichloromethane to yield acids 1-6 in a 40-50% yield. Better yields could be ob

tained using HPLC at the ester stage rather than recrystallizing the final acid. However, 

HPLC was time consuming, expensive, and unpractical for moderately large-scale syn

thesis. It should be mentioned that, after this work was completed, a suitable solvent sys

tem (30% hexanes in toluene) enabled the flash silica separation of the esters of 1, thus
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making the preparation of (9Z)-UAB30 amenable to large-scale synthesis. A similar sys

tem would probably be useful in the separation of the esters (31-36).

Results and Discussion

The binding affinity for the retinoid receptors was measured for four receptor sub- 

types (RAR a, P, y and RXR a; Table 2). Compounds 2-4 and 6 did not possess any ap

preciable affinity for the RARa. RXRa affinity was abolished in these compounds as 

well (ICso > 2000 nM). The 4’-methyl substituted analog 5 exhibited affinity for both the 

RARa and RXRa receptors. Compared to (9Z)-UAB30, there was a six-fold improve

ment in RARa binding affinity accompanied by a four-fold improvement for RXRa.

In order to assess the ability of 1-6 to induce transcription, these compounds were 

first screened at two concentrations (10"6 M and 10*7 M) for four receptor subtypes (RAR 

a, P, y and RXR a Figures 3-7). Compounds 1 and 2 showed weak activity in both RARa 

and RXRa at 10*6 M, but activity was greatly diminished at 10*7 M. Compound 6 was 

also active at 10*6 M. In feet, 6 was more active than both (9Z)-RA against RXRa and 

ATRA against RARa. Surprisingly, activity for 6 was minimal at 10‘7 M. The most 

promising of the ring-substituted analogs was 5, which induced transcription m a dose- 

dependent manner m RXRa, RARp, and RARy and was highly effective at 10'7 M.

The purpose o f synthesizing these derivatives was to evaluate effects on RXR ac

tivity in comparison with (9Z)-UAB30. In this respect, it was determined that substitu

tion at the 4’ position enhanced activity. In addition, it seems that substitution at both the 

S’ and 7’positions enhanced activity, but bulkier groups were required for activity to be 

maintained at lower concentrations (<10*7 M).
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Table 2. Inhibition Concentrations at 50% (nM) for the Binding of Retinoids 1-6 and 
(9Z)-Retinoic Acid (RA) to Mouse Retmoic Acid Receptors (mRARs) and Retinoid X 
Receptors (mRXRs)

retinoid mRARa

IC jo (nM) 

mRARp mRARy mRXRa

(9Z)-RA 31* 8® 60* 73*

(9Z)-UAB30 980 620 1225 960

(9Z)-2 1505 >500c >500* 1520

(9Z)-3 >2000* >500c >500* >2000*

(9Z)-4 >2000* >500* >500* >2000*

(9Z)-5 166 285 298 260

(9Z)-6

At l .  r n  __i

>2000* >500* >500*

. . . __. l ut r

1810

values with RARs, competition of unlabeled test retinoid was determined in the pres
ence of 5 nM of [^-(a//-£)-retinoic acid. For RXRs, competition of unlabeled test 
retinoid was determined in the presence of 20 nM of [3H]-(9Z)-retinoic acid. b Values 
reported by Allenby et al.30 Based on repeated measurements, the estimated error is 
20% of the mean.* Doses above 500 nM were not tested, and compound was not ac
tive below 500 nM. d Doses above 2000 nM were not tested, and compound was not 
active below 2000 nM.

Experimental Section

Biology. In order to study the ability o f the acids 1-6 to recognize RA-binding 

sites within the protein receptors, the concentrations causing 50% inhibition ( IC jo)  were 

determined for the RARs and RXRs. The IC jo values for the acids 1-6 were measured for 

the inhibition of the binding of radiolabeled (all-E)-RA to mRARo, mRARfl, and 

mRARy using methods described previously by Levin and coworkers.11 Similar studies
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Figure 3. RARa-receptor transcriptional activation.
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Figure 4. RARj}-receptor transcriptional activation.
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Figure 5. RARy-receptor transcriptional activation.
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Figure 6. RXRa-receptor transcriptional activation.
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Figure 7. Results from the dose-response assay for RXRa transactivation.

were also performed for the inhibition of binding of (9Z)-RA to mRXRa.30 Finally, each 

compound was evaluated for the efficiency o f activating RARa, -f3, and -y homodimers, 

and RXRa homodimers using the chloramphenicol acetyltransferase (CAT) reporter gene 

containing the thyroid hormone response element (TREpal) according to a method de

scribed by Zhang et a l.31

Chemistry. *H NMR spectra were obtained at 300.1 MHz on a Broker spec

trometer m CDClj. UV-Vis spectra were recorded on both an AVIV 14DS spectropho

tometer and a Hewlett-Packard spectrophotometer in methanol or acetonitrile solutions 

(Fisher, spectrograde). IR spectra were recorded using a Bomem FTIR spectrometer. 

TLC was performed on a pre-coated 250 pm silica gel plates (Analtech, Inc.; 5 x 10 cm). 

Solvents and liquid starting materials were distilled prior to use. Reactions and purifica

tions were conducted with deoxygenated solvents, under inert gas (N2) and subdued light-
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ing. Melting points were recorded on a Melt-Temp melting point apparatus and were un

corrected. The synthetic procedures are the same as those used in the first manuscript.

(2Z,4£)-4-{5,-Methoxy-3,,4’-dihydro-r(2,H)-naphthalen-r-ylidene)-3- 

methyl-2-butenoic Acid (14). 6.9 g (8 6 %) yellow solid: mp 140-141 °C (ether/ hex

anes); FTIR (KBr) 1681 (C=0), 1592 (C=C) cm'1; MS m/e 259 (MH*); UV-Vis (MeOH) 

JW  302 nm (e=l 1227); lH NMR (CDClj): 67.27 (d, 1H, J=7.98), 6.76 (d, 1H, J=7.95), 

5.78 (s, 1H), 2.72 (t, 2H, J=6.40), 2.49 (t, 2H, J=4.80), 2.11 (s, 3H), 1.83 (p, 2H, J=6.24); 

l3C NMR (CDCl3) 5171.71, 157.5, 156.34, 140.6, 137.4, 127.33, 126.60, 122.72,118.40, 

117.61,55.84,28.60,26.17,23.74,23.25.

Anal (CteHuCh) calcd.: C 74.40% H 7.52%. Found: C 74.65%, H 7.10%.

(2Z,4£)-4-(6,-Methoiy-3,,4,-dihydro-l,(2’H)-naphthalen-r-ylidene)-3- 

methyl-2-butenoic Acid (15). 6.0 g (82%) yellow solid: mp 143-144 °C 

(ether/hexanes); MS m/e 259 (MH*); FTIR 1680 (C=0) 1600 (C=C) cm 1; UV-Vis 

(MeOH) 327 nm (e=12590); lH NMR (CDCI3): 67.62 (d, 1H, J=8.84), 7.16 (s, 1H),

6.74 (dd, 1H, J=2.71 & 6.08), 6.61 (d, 1H, J=2.64), 3.79 (s, 3H), 2.77 (t, 2H, 1=6.15), 

2.59 (dt, 2H, J=1.46 & 5.45), 2.14 (d, 3H, J=0.56), 1.82 (p, 2H, J=6.27); I3C NMR 

(CDCI3) 8152.83,140.69,137.44, 121.63, 121.28, 110.0,107.83, 101.60,98.85,94.65,

94.08,36.62,11.96,10.28,7.24,4.7.

Anal (Ci6H,g02) calcd.: C 74.40% H 7.52%. Found: C 74.13% H 7.05%.
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(2Z,4£)-4-(7’-Methoxy-3’,4’-dihydro-r(2’H)-naphthalen-r-ylidene)-3- 

methyl-2-butenoic Acid (16). 5.1 g (70%) pale yellow solid: mp 123-124 °C (ether/ 

hexanes); FTIR (KBr) 3495 (OH), 1680 (C=0), 1607 (C=C) cm l; MS m/e 259 (MFT); 

UV-Vis (MeOH) U ,  315 nm(e=l 1207); lH NMR (CDClj): 87.17 (d, 1H, J=2.31), 7.00 

(d, 1H, J=8.34), 6.77 (dd, 1H, J=2.57 & 8.47), 5.76 (s, 1H), 3.77 (s, 3H), 2.73 (t, 2H, 

J=6.20), 2.56 (tt, 2H, J=1.37 & 5.48), 2.14 (s, 3H), 1.82 (p, 2H, J=6.25); 13C NMR 

(CDClj) 8156.7, 139.3, 137.3,121.4, 117.95,112.13,111.32, 103.52,99.38,96.37,

90.12,36.63, 10.73,9.92,7.02,4.92.

Anal. (Cl6Hi80 2) calcd.: C 74.40% H 7.52%. Found: C 74.50% H 7.10%.

(2Z,4£)-4-(4’-Methyl-3,,4’-dihydro-l,(2,H)-naphthalen-r-ylidene)-3-methyl- 

2-butenoic Acid (17). 5.4 g (71%) pale yellow solid: mp 98-99 °C; (ether/ hexanes); 

FTIR (KBr): 1677 (C=0), 1606 (O C ) cm’1; MS m/e 243 (MFf); UV-Vis (MeOH) W  

312 nm (e=l 1498); *H NMR (CDClj): 87.63 (d, 1H, J=5.76), 7.26-7.14 (m, 4H), 5.79 (s, 

1H), 2.97-2.89 (m, 1H), 2.71-2.64 (m, 1H), 2.57-2.49 (m, 1H), 2.14 (d, 3H, J=0.60), 1.99- 

1.91 (m, 1H), 1.64-1.53 (m, 1H), 1.29 (d, 3H, J=5.23); 13C NMR (CDClj): 8172.18, 

156.50, 143.49,140.71,135.96,128.40, 128.07, 126.64, 125.51,122.71,118.48,33.51,

31.24,26,21,26.14,22.07.

Anal. (C,6H,802) calcd.: C 79.31% H 7.49%. Found: C 79.22% H 7.47%.

(2Z,4£)-4-(5’,7’-DimethyI-3’,4’-dihydro-l,(2’H)-naphthakn-l’-ylidene)-3- 

methyl-2-butenoic Acid (18). 5.5 g (73%) pale yellow solid: mp 139-141 °C (ether/ 

hexanes); FTIR (KBr) 1679 (C=0), 1619 (C=C) cm l; MS m/e 257 (MH4); UV-Vis
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(MeOH): W 3 1 2  nm (e=11273); lHNMR(CDCI3): 87.30 (s, 1H), 6.97 (s, IH), 6.90 (s, 

1H), 5.78 (t, 1H, J=1.24), 2.63 (t, 2H, J=6.37), 2.47 (tt, 2H, J=1.22 & 4.90), 2.26 (s, 3H), 

2.18 (s, 3H), 2.09 (d, 3H, J=0.56), 1.85 (p, 2H, J=6.30); l3C NMR (CDCI3): 8172.03,

156.55, 141.43,136.67, 136.25, 135.32, 133.76, 130.96, 123.79,122.10,118.25,28.68, 

27.10,26.31,23.89,21.50,20.06.

Anal. (CI7H2o0 2) calcd.: C 79.65% H 7.86%. Found: C 79.38% H 7.77%.

(2Z,4£)-4-(5’-Methoiy-3’,4’-dihydro-r(2’H)-naphthaIen-r-yUdene)-3- 

methyl-2-buten-l-ol (20). 1.8 g (97%) white solid: mp 50-55 °C (ether/ hexanes); FTIR 

(KBr) 3439 (OH), 1605 (C=C) cm'1; MS m/e 227 (M-OH); UV-Vis (MeOH) Kmx 269 nm 

(8=13541); ‘H NMR (CDCI3): 87.54 (d, 1H, J=6.60), 6.74 (dd, 1H, J=2.05 & 4.52), 6.62 

(d, 1H, J=1.93), 6.24 (s, 1H), 5.54 (t, 1H, J=4.97), 4.06 (d, 2H, J=5.03), 3.80 (s, 3H), 2.82 

(t, 2H, J=4.7l), 2.33 (tt, 2H, J=1.03 & 3.57), 1.86 (s, 3H), 1.81 (p, 2H, J=4.70); t3C NMR 

(CDCb): 8157.26,137.85, 136.82,136.13, 126.35, 126.25, 126.07, 122.30,116.56,

108.51,60.85,58.36, 55.41,27.53,24.10,23.50,23.20, 18.36.

Anal (C16H20O2) calcd.: C 78.65% H 8.25%. Found: C 78.70 % H 8.21%.

(2Z,4£)-4-(6'-Methoxy-3,,4,-dihydro-l,(2,H)-naphthakn-l’-ylidene)-3- 

methyi-2-buten-l-ol (21). 1.9 g (100%) colorless oil; FTIR (neat) 3393 (OH), 1606 

(C=C) cm*1; MS m/e 227 (M-OH); UV-Vis (MeOH) X™* 273 nm (8=11333); lH NMR 

(CDCb): 87.53 (d, 1H, J=8.76), 6.73 (dd, 1H, J=2.65 & 6.11), 6.62 (d, 1H, J=2.67), 6.24 

(s, 1H), 5.54 (tt, 1H, J=1.13 & 6.67), 4.06 (d, 2H, J=6.70), 3.80 (s, 3H), 2.81 (t, 2H, 

J=6.31), 2.33 (dt, 2H, J=1.41 & 4.65), 1.86 (s, 3H), 1.81 (p, 2H, J=6.21); l3C NMR
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(CDClj): 8159.3, 139.32,137.31, 136.77,128.80, 126.45, 125.93, 120.48,113.71,

112.98,61.35,55.66,31.00,28.51,24.55,24.05.

Anal (Cl6H20O2) calcd.: C 78.65% H 8.25%. Found: C 78.37% H 8.07%.

(2Z,4£)-4-(7’-Methoxy-3,,4’-dihydro-r(2,H)-naphthalen-r-yUdene)-3- 

methyl-2-buten-l-ol (22). 1.9 g (100%) pale yellow oil; FTIR (neat) 3355 (OH), 1605 

(C=C) cm'1; MS tale 227 (M-OH); UV-Vis (MeOH) ^  267 nm (s=l 1724); lH NMR 

(CDClj): 87.19 (d, 1H, J=2.36), 7.10 (d, IH, J=8.36), 6.75 (dd, 1H, J=2.57 & 5.75), 6.34 

(s, IH), 5.55 (t, IH, J=6.60), 4.05 (d, 2H, J=6.53), 3.80 (s, 3H), 2.76 (t, 2H, J=6.28), 2.32 

(t, 2H, J=3.10), 1.86 (s, 3H), 1.79 (p, 2H, J=6.17); ,3C NMR (CDClj): 8137.89.136.79, 

136.39,130.53,130.40,126.88,122.61, 114.45,109.04,61.23, 55.77,29.82,28.35, 

24.39,24.34.

Anal (CI6H2o020.25 H20 ) calcd.: C 77.23% H 8.30%. Found C 77.52% H

8.03%.

(2Z,4£)-4-(4’-Methyl-3,,4’-dihydro-r(2’H)-naphthalen-r-ylidene)-3-methyl- 

2-buten-l-oI (23). 1.6 g (96%) cream-colored solid: mp 42-48°C (ether/hexanes); FTIR 

(KBr): 3347 (OH), 1605 (C=C) cm'1; MS tale 229 (MH4); UV-Vis (MeOH) W  265nm 

(e=19165); ‘HNMR: 87.55 (d, IH, J=7.31), 7.23-7.04 (m, 3H), 6.31 (s, IH), 5.53 (t, IH, 

J=6.02), 4.03 (d, 2H, J=6.55), 2.95-2.84 (m, IH), 2.43-2.37 (m, IH), 2.33-2.28 (m,

IH),1.92-1.82 (m, IH), 1.84 (s, 3H), 1.58-1.52 (m, IH), 1.26 (d, 3H, J=7.0); 13CNMR 

(CDClj): 8142.80,138.19,135.92, 135.78,128.46,128.03,127.28, 126.48, 124.85,

122.72,60.97,33.58,31.87,25.56,24.48,22.62.
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Anal (C,6Hl80) calcd.: C 84.16%, H 8.83%. Found: C 84.06% H 9.17%.

(2Z,4£)-4-{5,,7’-Diniethyl-3,,4’-dihydTO-l,(2,H)-naphthalen-l,-ylidene)-3- 

methyl-2-buten-l-ol (24). 1.8 g (95%) yellow oil; FTIR (neat) 3330 (OH), 1606 (C=C) 

cm*1; MS m/e 257 (MH*); UV-Vis (MeOH) W  269 nm (e=4455); *H NMR: 56.89 (s, 

IH), 6.31 (s, IH), 5.53 (tt, IH, J=1.07 & 6.63), 4.03 (d, 2H, J=6.63), 2.64 (t, 2H, J=6.36), 

2.34-2.25 (m, 5H), 2.18 (s, 3H), 1.88-1.79 (m, 5H); l3C NMR (CDC13): 5138.98, 136.89, 

136.50,136.14,133.24, 130.53,126.71, 122.22,122.16,61.22,28.05,27.28,24.54,

24.32,21.53,20.11.

Anal. (C17H22O2) calcd.: C 84.25% H 9.15%. Found: C 84.22% H 9.23%.

(2Z,4£)-4-(5,-Methoxy-3’,4’-dihydro-r(2’H)-naphthalen-r-ylidene)-3- 

methyl-2-buten-l-al ((9Z)-26). 0.67 g (59%) yellow oil; FTIR (neat) 1672 (C=0); 1608 

(C=C) cm*1; MS m/e 243 (M tf); UV-Vis (MeOH) W  332 nm (e=16533); lH NMR 

(CDClj): 59.63 (d, IH, J=8.20), 7.3-7.16 (m, 2H), 6.79 (dd, IH, J= 0.73 & 7.09), 6.56 (s, 

IH), 6.0 (td, IH, J=0.95 & 6.41), 3.83 (s, 3H), 2.75 (t, 2H, J=6.42), 2.44 (dt, 2H, J=l.33 

&4.81), 2.08 (s, 3H), 1.83 (p, 2H, J=1.83); I3C NMR (CDClj): 5193.71, 159.85,157.76, 

142.79,136.3, 129.42,127.50,126.73, 120.92, 117.06,109.78,55.85,28.36,25.70, 

23.83,23.65.

Anal. (CteHigOr 0.25 H20 ) calcd.: C 79.31% H 7.49%. Found: C 78.26% H

7.45%.
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(2£,4£)-4-(5’-Melhoxy-3’,4’-dihydro-r(2’H)-naphtl»alen-r-ylidene)-3- 

methyl-2-buten-l-al ((«//-£)-26). 0.035 g (3.0%) yellow oil; FTIR (neat): 1662 (C=0),

1604 (C=C) cm'1; MS m/e 227 (MH*); UV-Vis (MeOH) W  330 nm (e=*23036); lH 

NMR (CDClj): 810.10 (d, IH, J=8.13), 7.22-7.13 (m, 2H), 6.78 (dd, IH, J=1.10 & 6.54), 

6.50 (s, IH), 6.01 (d, IH, J=8.17), 3.82 (s, 3H), 2.76-2.66 (m, 4H), 2.33 (s, 3H), 1.84 (p, 

2H, J=6.33); I3C NMR (CDClj): 8191.75, 157.57, 156.96, 143.70,136.96, 129.56,

128.00, 126.72, 126.08,117.29, 109.94,55.86,28.80,23.59,19.11.

(2£,,4Z)-4-(6’-Methoxy-3\4,-dihydro-r(2’H)-naphthaien-r-ylidene)-3-

methyl-2-buten-l-al ((9Z)-27). 0.62 g (54%) yellow oil; FTIR (neat) 1670 (C=0), 1604 

(C=C) cm*1; MS m/e243 (MFT); UV-Vis (MeOH) W  319 nm (e=8837); lHNMR 

(CDClj): 89.64 (dd, IH, J=0.78 & 7.47), 7.56 (d, IH, J=5.56), 6.77 (dd, IH, J-2.58 &

6.18), 6.65 (d, IH, J=2.03), 6.45 (s, IH), 5.99 (dd, IH, J=0.91,7.31), 3.81 (s, 3H), 2.84 (t, 

2H, J=6.15), 2.09 (s, 3H), 1.84 (p, 2H, J=6.21); l3C NMR (CDClj): 8160.09,159.93,

142.11, 140.17,129.15, 127.84, 126.33,118.71,113.76, 113.28,30.84,29.04,25.77, 

24.10.

Anal. (CisHigOr 0.25 H20) calcd.: C 79.31% H 7.49%. Found: C 77.78% H

7.53%.

(2£',4£)-4-(6’-Methory-3*,4,-dihydro-l,(2,H)-naphthakn-l,-ylidene)-3- 

methyl-2-buten-l-al ((<ail-E-27). 0.07 g (6.1%) yellow oil; FTIR (neat) 1656 (C=0),

1605 (C=C) cm 1; MS m/e 243 (MH*); UV-Vis (MeOH) W  358 nm (e=13956); *H 

NMR (CDClj): 810.08 (d, IH, J=8.19), 7.56 (d, IH, J=8.82), 6.75 (dd, IH, J=2.61 &
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6.18), 6.64 (d, 1H, J=2.39), 6.39 (s, IH), 6.02 (d, IH, J=8.13), 3.81 (s, 3H), 2.83-2.72 (m, 

4H), 2.35 (s, 3H), 1.84 (p, 2H, J=6.25); l3C NMR (CDClj): 8160.23, 157.07, 143.53, 

141.01,129.17, 126.61, 124.06, 113.70, 113.31,30.85,29.68,24.02, 19.34.

Anal (C16Hi8Or0.25 H20 ) calcd.: C 79.31% H 7.49%. Found: C 77.64% H

7.23%.

(2Z,4£)-4-(7’-Methoxy-3,,4’-dihydro-r(2,H)-naphthakn-r-yUdene)-3- 

methyl-2-buten-l-al ((9Z-28). 0.62 g (54%) yellow ofl; FTIR (neat) 1670 (C=0), 1609 

(C=C) cm’1; MS m/e 227 (MlT); UV-Vis (MeOH) W  311 nm (e=7913); lH NMR 

(CDClj): 89.64 (d, IH, J=6.12), 7.14 (d, IH, J=1.95), 7.05 (d, IH, J=3.46), 6.83 (dd, IH, 

1.98 & 4.32), 6.54 (s, IH), 6.01 (td, IH, J=0.80 & 5.39), 3.83 (s, 3H), 2.79 (t, 2H, 

J=4.73), 2.47 (dt, 2H, J=1.15 & 3.47), 2.09 (s, 3H), 1.84 (p, 2H, J=6.21); 13C NMR 

(CDClj): 8156.96, 132.43, 139.28,135.77,133.84, 129.62, 129.57, 128.90, 126.70, 

125.93, 125.07,30.43,29.42,23.92, 19.20.

Anal. (Cl6Hi»Or  0.25 H20) calcd.: C 77.86% H 7.56%. Found: C 77.58% H

7.52%.

(2£',4£)-4-(7’-Methoiy-3’,4’-dihydro-r(2,H)-naphthalen-r-ylidene)-3- 

methyl-2-buten-l-al ((a//-£)-28). 0.07 g (6.1%) yellow oil; FTIR (neat): 1657 (C=0), 

1607 (C=C) cm 1; MS m/e 227 (MH*); UV-Vis (MeOH) W  338 nm(e=16887); lH 

NMR (CDClj): 810.10 (d, IH, J=8.13), 7.11 (d, IH, J=2.54), 7.04 (d, IH, J=8.38), 6.82 

(dd, IH, J=2.37 & 5.81), 6.47 (s, IH), 6.04 (d, IH, J=8.12), 3.82 (s, 3H), 2.76-2.70 (m, 

4H), 2.35 (s, 3H), 1.83 (p, 2H, J=6.28); l3C NMR (CDClj): 8191.85, 158.37, 156.86,
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143.44, 136.60,131.76, 130.52,129.64,126.02, 115.35, 109.66,55.81,29.59,29.34,

24.21,19.18.

AnaL (Ci6Hi*Or 0.20 H20 ) calcd.: C 78.15% H 7.54%. Found: C 78.35% H

7.43%.

(2Z,4E)-4-(4’-Methyl-3,,4,-dihydro-l,(2’H)-naphthalen-r-yUdene)-3-methyl- 

2-buten-l-al ((9Z)-29). 0.44 g (42%) yellow oil; FTIR (neat): 1673 (C=0), 1611 (C=C) 

cm*1; MS m/e 227 (MH*); UV-Vis (MeOH) K** 303 nm (e=8443); lH NMR: S9.66 (d,

IH, J=8.25), 7.61 (d, IH, J=7.78), 7.28-7.14 (m, 3H), 6.57 (s, IH), 6.57 (td, IH), 6.01 (td, 

IH, J=1.05 & 6.19), 3.01-2.93 (m, IH), 2.62-2.53 (m, IH), 2.48-2.44 (m, IH), 2.09 (s, 

3H), 2.06-1.92 (m, IH), 1.64-1.59 (m, IH), 1.30 (d, 3H, J=7.02); l3C NMR (CDClj): 

8193.59,159.77,143.43,142.69,134.74, 129.42,129.02,128.70,126.59,124.97,120.69,

33.37,31.74,25.98,25.67,22.46.

(2£,4£)-4-(4,-Methyl-3,,4'-dihydro-l'(2,H)-naphtlialeii-l,-ylldene)-3-metliyl- 

2-buten-l-al ((«//-£)-29). 0.15 g (14%) yellow oil; FTIR (neat) 1665 (C=0), 1604 

(C=C); MS m/e 227 (MlT); UV-Vis (MeOH) W  335 nm (e=19034); *H NMR (CDClj): 

810.10 (d, IH, J=8.13), 7.60 (d, IH, J=ll.08), 7.29-7.16 (m, 3H), 6.46 (s, IH), 6.06 (d, 

IH, J=8.03), 2.93-2.89 (m, IH), 2.85-2.80 (m, IH), 2.76-2.63 (m, IH), 2.01-1.91 (m,

IH), 1.67-1.51 (m, IH), 1.29 (d, 3H, J=7.07); l3C NMR (CDClj): 8191.91,156.91,

144.08, 143.99, 135.56, 129.56, 129.11, 128.15, 126.68, 126.17, 125.27,33.33,31.36, 

26.73,21.80,19.21.

AnaL (Ci6Hi8O 0.5H2O) calcd.: C 81.67% H 8.14%. Found: C 81.68% H 7.86%.
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(2Z,4£)-4-(5’,7’-Dimethyl-3’,4,-dihydro-l’(2’H)-naphthal€ii-r-ylidene)-3- 

methyl-2-buten-l-al ((9Z-30). 0.67 g (59%) yellow oil; FTIR (neat) 1673 (C=0), 1607 

(C=C) cm'1; MS m/e 241 (MH4); UV-Vis (MeOH) 5^307  nm (e=10343); lH NMR 

(CDClj): 89.63 (d, IH, J=6.12), 7.30 (s, IH), 6.97 (s, IH), 6.52 (s, IH), 6.0 (dd, IH, 

J=0.69 & 4.71), 2.69 (t, 2H, J=4.81), 2.32 (s, 3H), 2.21 (s, 3H), 2.09 (s, 3H), 1.87 (p, 2H, 

J=7.40); I3C NMR (CDClj): 8124.63, 118.15,116.47,116.22, 114.88, 112.48,110.30,

104.36, 101.25,9.40,8.11,6.74,5.28,2.45,1.02.

AnaL (C17H20O-0.25 H20) calcd.: C 84.96% H 8.39%. Found: C 83.77 % H

8.43%.

(2£,4£)-4-(5,,7,-Dimethyl-3,,4,-dihydro-l,(2,H)-naphthaleii-l,-yUdene)-3- 

methyl-2-buten- 1-al ((a//-£)-30). 0.08 g (7.1%) yellow oil; FTIR (neat): 1659 (C=0), 

1609 (C=C) cm'1; MS m/e 241 (MH4); UV-Vis (MeOH) JW  337 nm (e=15064); lH 

NMR: 810.08 (d, IH, J=8.13), 7.25 (s, IH), 6.95 (s, IH), 6.36 (s, IH), 6.00 (d, IH, 

J=8.16), 2.71-2.64 (m, 4H), 2.34 (s, 3H), 2.30 (s, 3H), 2.20 (s, 3H), 1.87 (p, 2H, J=6.33); 

l3C NMR (CDClj) 8191.77,157.20, 144.62, 136.90, 135.95,135.46,134.48, 131.65,

129.40,125.62,123.60,28.87,26.93,24.20,21.50,20.04,19.18.

Anal. (Cl7H20O*0.25 H20) calcd.: C 84.96% H 8.39%. Found C: 83.79% H

8.38%.

(2£,4£,6Z,8£)-Ethyl S-^’-Methoxy-SM’-dihydro-r^’Hl-naphthalen-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoate (32). 0.71 g (86%) yellow oO; FTIR (neat) 

1675 (C=0), 1608 (C=C) cm'1; MS m/e 353 (MH4); UV-Vis (MeOH) W  332 nm
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(e=16533); lH NMR (CDClj): 57.16 (t, IH, J=8.0), 6.75 (d, 1H, J=7.94), 6.63 (dd, IH, 

J=4.04 & 11.08), 6.46 (s, IH), 6.22 (d, IH, J=15.32), 6.10 (d, IH, J=11.05), 5.75 (s, IH), 

4.20-4.10 (m, 2H), 3.83 (s, 3H), 2.75 (t, 2H, J=6.36), 2.35 (t, 2H, J=4.2l), 2.21 (d, 3H, 

J=0.80), 2.00 (s, 3H), 1.80 (p, 2H, J=6.25), 1.27 (t, 3H, J=7.12); ,3C NMR (CDClj):

5167.62, 166.92, 157.70, 153.39,140.88, 138.93,137.40,134.39,133.38,127.81,127.02,

126.55, 123.14, 118.77,117.18, 116.77,109.07,60.03,55.81,28.53,25.13,23.95,23.74, 

14.77,14.27.

Anal. (C2jH 2sOj*0.25 H20 ) calcd.: C 77.39% H 8.05%. Found: C 77.18 % H

8.01%.

(2£,4£,6Z3£)-Ethyl8-(6,-Methoxy-3,,4,-dihydro-l’(2’H)-naphthalen-l’- 

ylidene)-3,7-dlmethyl-2,4,6-octatrienoate (33). 0.65 g (78%) yellow oO; FTIR (neat) 

1700 (C=0), 1603 (C=C); MS m/e 353 (MH*); UV-Vis (MeOH) W 3 4 2  nm (e=17749); 

*H NMR (CDClj): 57.59 (d, IH, J=8.78), 6.76 (dd, IH, J=2.56), 6.65 (tt, 3H, J=3.37 & 

7.72), 6.35 (s, 3H), 6.21 (d, IH, J=20.97), 6.04 (d, IH, J=9.74), 5.75 (s, 13), 4.19-4.11 

(m, 2H), 3.81 (s, 3H), 2.83 (t, 2H, J=6.23), 2.38 (t, 2H, J=), 2.23 (s, 3H), 2.05 (s, 3H), 

1.97 (s, 3H), 1.81 (p, 2H, J=6.15), 1.33-1.24 (m, 3H); 13C NMR (CDClj); 5166.20,

158.06,152.00,139.71,138.21,136.59,132.73,132.06, 127.52,126.14,124.76, 119.54, 

117.20,112.30,111.63,58.59,54.25,29.61,27.70,23.80,22.74,13.33,12.85.

AnaL (CmHmOj-O.2 5 ^ 0 )  calcd.: C 77.42% H 8.04%. Found: C 77.69% H

8.11%.
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(2£,4£,<L£,8£)-Ethyl8-(7’-Methoxy-3M’-dihydro-r(2’H)-Mphth*leii-r- 

yIidene)-3,7-dimethyl-2,4,6-octatrienoate (34). 0.62 g (75%) yellow oQ; FTIR (neat) 

1708 (C=0), 1603 (C=C) cm l; MS m/e 353 (MHf); UV-Vis (MeOH) X™* 335 nm 

(8=27208); 'H NMR (CDC13): 87.17 (d, IH, J=2.48), 7.05 (d, 1H, J=8.39), 6.82-6.78 (m, 

IH), 6.68-6.59 (m, 1H), 6.45 (s, IH), 6.23 (d, IH, J=15.54), 5.75 (s, 1H), 4.20-4.11 (m, 

2H), 3.83 (s, 3H), 2.79 (t, 2H, J=6.25), 2.40-2.36 (m, 2H), 2.23 (s, 3H), 1.98 (s, 3H), 1.81 

(p, 2H, J=6.20); 13CNMR(CDC13): 8167.60, 158.26,153.31, 140.77,138.53, 136.96, 

134.51,133.25,130.65,130.56,127.89, 123.03, 118.85,114.54, 109.32,60.05,55.78, 

29.83,28.91,25.07,24.45,14.76, 14.29.

AnaL (Cm^sOj-O.S H20 ) calcd.: C 76.42% H 8.09%. Found: C 76.48% H

7.83%.

(2£,4£,6Z,8£)-Ethyl8-(4’-Methyt-3,,4,-dihydro-l,(2,H)-naphtlialen-r- 

yiidene)-3,7-dimetltyl-2,4,6-octatrienoate (35). 0.64 g (8 6 %) yellow oil; FTIR (neat) 

1708 (C=0), 1603 (C=C) cm 1; MS m/e 337 (MH*); UV-Vis (MeOH) X™* 333 nm 

(8=13394); lH NMR (CDCI3): 87.54 (d, IH, J=7.20), 7.27-7.06 (m, 3H), 6.58 (t, IH, 

J=15.22), 6.37 (s, IH), 6.16 (d, IH, J=15.48), 6.03 (d, IH, J=10.99), 6.67 (s, IH), 4.15- 

4.00 (m, 2H), 2.94-2.85 (m, 2H), 2.40-2.37 (m, IH), 2.31-2.20 (m, IH), 2.15 (s, 3H), 1.90 

(s, 3H), 1.55-1.46 (m, IH), 1.25-1.11 (m, 6 H); 13CNMR(CDC13): 8167.62, 153.34, 

143.09,140.91,138.77,135.81,134.46,133.29,128.48,128.18,127.94,126.48,124.97,

123.02,118.87,60.06,33.53,31.77,26.00,25.09,22.46,24.80,14.80,14.27.

AnaL (C23H28O2 0.25 H20 ) calcd.: 81.01% H 8.42%. Found: C 80.62% H

8.35%.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



150

(Zf^f^M^EthylS-^V’-DmrthyMM’-dihydro-r^’H îuphthakii-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoate (36). 0.55 g (76%) yellow oQ; FTIR (neat) 

1708 (C=0), 1604 (C=C) cm'1; MS m/e 351 (MH*); UV-Vis (MeOH) W  336 rnn 

(£=15404); lHNMR(CDCl3): 57.32 (s, IH), 6.94 (s, IH), 6.68-6.58 (m, IH), 6.47 (s, 

IH), 6.22 (d, IH, J=15.56), 6.10 (d, IH, J=10.95), 5.74 (s, IH), 4.20-4.11 (m, 2H), 2.68 

(t, 2H, J=6.35), 2.36-2.31 (m, 5H), 2.21 (s, 3H), 2.17 (s, 3H), 1.97 (s, 3H), 1.87-1.81 (m, 

2H), 1.31-1.18 (m, 3H); l3C NMR (CDCfe): 5166.14, 151.65,138.21,137.05,136.42, 

135.52, 134.13,129.80,129.04,127.91, 126.69,126.27,125.07,123.29,29.19,27.72, 

22.66, 17.31, 13.33,12.79.

Anal. (C24H30O2) calcd.: C 82.24% H 8.63%. Found: C 82.23% H 8 .6 8 %.

(2£,4£,dZ,8£)-8-(5’-Methoxy-3’,4’-dihydro-r(2,H)-naphthalen-r-ylidene)-

3,7-dimethyl-2,4,6-octatrienoic Acid (2). 0.30 g (70%) yeUow solid: mp 182-184 °C 

(ether/ CH2C12); FTIR (KBr) 1670 (C=0), 1596 (C=C) cm*1; MS m/e 325 (MH*); UV- 

Vis (MeOH) Kax 331 nm (6=36514); lH NMR (CDCI3) 57.17 (t, IH, J=7.95), 6.77 (d, 

IH, J=7.96), 6.67 (dd, IH, J=4.06 & 11.10), 6.46 (s, IH), 6.25 (d, IH, J=15.34), 6.12 (d, 

IH, 11.0), 5.76 (s, IH), 2.75 (t, 2H, J=6.30), 2.34 (t, 2H, J=5.86), 2.21 (s, 3H), 1.84 (p, 

2H, J=6.10); l3C NMR (CDCI3): 5172.59,157.70, 155.98,141.71, 139.09,137.37,

134.29, 134.18, 127.72, 127.08,126.54,123.10, 117.85, 117.17,109.10,55.84,28.51, 

25.19,23.93,23.73, 14.45.

AnaL (C2iH240 3) calcd.: C 77.75% H 7.46%. Found: C 77.86% H 7.49%.
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(2£,4£,6Z^£)-8-(6’-Methoxy-3’,4’-dihydro-r(2’H>-n*phthakn-r-yUdene)-

3.7-dimethyl-2,4,6-octatrienoic Acid (3). 0.45 g (82%) yellow solid: mpl63-164 °C 

(ether/CH2Cl2); FTIR (neat) 1672 (C=0), 1575 (C=C) cm*1; MS m/e 325 (MH*); UV-Vis 

(MeOH) J w  332 nm (e=29288); lH NMR (CDClj): 57.16 (d, 1H, J=2.54): 7.06 (d, IH, 

J=8.40), 6.80 (dd IH J=2.56 & 5.81), 6.68 (dd, IH, J=4.24 & 11.02), 6.45 (s IH), 6.26 (d 

IH J=15.32), 6.13 (d, IH, J=10.85), 2.79 (t, 2H, J=6.20), 2.38 (t 2H J=5.20), 1.98 (s 3H),

1.81 (p, 2H, J=6.17); I3C NMR (CDClj): 8172.10, 158.27, 155.90,141.60, 138.71,

136.92,134.92,134.29, 134.18,130.69, 130.57, 127.82, 122.98, 117.81, 114.59, 109.34,

55.80.29.81.28.92.25.12.24.45.14.46.

AnaL (C2iH240 j ) calcd.: C 77.75% H 7.46%. Found: C 77.49% H 7.62%.

(2£',4£,6Z3^)-8-(7,-Methoxy-3,,4’-dihydro-r(2’H)-naphthal«n-r-ylidene)-

3.7-dimethyl-2,4,6-octatrienoic Acid (4). 0.32 g (71%) yellow solid: mp 163-164 °C 

(ether/CH2Cl2); FTIR (KBr) 1672 (C=0), 1575 (C=C) cm'1; MS m/e325 (MH*); UV-Vis 

(MeOH) W  331 nm (e=23,400); lH NMR (CDClj): 57.16 (d, IH, J=2.54), 7.06 (d, IH, 

J=8.40), 6.80 (dd IH J=2.56 & 5.81), 6.68 (dd, IH, J=4.24 & 11.02), 6.45 (s IH), 6.26 (d 

IH J=15.32), 6.13 (d, IH, J=10.85), 2.79 (t, 2H, J=6.20), 2.38 (t 2HJ=5.20), 1.98 (s 3H),

1.81 (p, 2H, J=6.17); l3C NMR (CDClj): 8172.10,158.27, 155.90, 141.60, 138.71, 

136.92,134.92, 134.29,134.18,130.69, 130.57,127.82, 122.98,117.81,114.59, 109.34,

55.80.29.81.28.92.25.12.24.45.14.46.

Anal. (C2iH240 j ) cakd.: C 77.75% H 7.46%. Found: C 77.73% H 7.38%.
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(2£,4£',dZ,8£)-8-{4’-Methyl-3,,4’-dihydro-l,(2,H>-naphth*fcn-r-yUdene)-

3,7-dimethyl-2,4,6-octatrienoic Acid (5). 0.39 g (86%) yellow solid: mp 171-172 °C; 

MS m/e 310 (MH*); FTIR (KBr) 1667 (C=0), 1590 (C=C) cm*'; UV-Vis (MeOH) W  

331 mn(e=23400); lHNMR(CDCl3): 87.63 (d, IH, J=7.29), 7.26-7.17 (m, 4H), 6.74- 

6.66 (m, IH), 6.46 (s, IH), 6.26 (d, IH, J=15.35), 6.13 (d, IH, J=15.35), 5.77 (s, IH), 

3.00-2.92 (m, 2H), 2.54-2.30 (m, IH), 2.23 (s, 3H), 1.99 (s, 3H), 1.64-1.54 (m, 2H), 1.30 

(d, 3H, J=6.98); l3C NMR (CDC13) 8172.23, 155.46, 142.71, 141.29, 135.36, 133.81, 

132.90, 128.02, 127.77,127.50,126.05, 125.83, 124.53, 122.52, 117.54,33.09,31.33, 

25.57,24.66,21.98,14.02.

Anal. (C21H24O2) calcd.: C 81.78% H 7.84%. Found 81.63% H 7.82%.

(2£',4£',dZ,8£)-8-(5’7’-Diniethyl-3’,4,-diliydro-l,(2’H)-naphthalen-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoic Acid (6). 0.38 g (82%) yellow solid: mp 198- 

199 °C (ether/hexanes); FTIR (KBr) 1674 (C=0), 1593 (O C ) cm'1; MS m/e 323 (MH*); 

UV-Vis (MeOH) J w  333 nm (£=33719); lH NMR (CDC13): 87.33 (s, IH), 6.95 (s, IH), 

6.68 (dd, IH, J=4.23 & 11.04), 6.41(s, IH), 6.25 (d, IH, J=15.33), 6.12 (d, IH, J=10.98), 

5.76 (s, IH), 2.68 (t, 2H, J=6.36), 2.36-2.27 (m, 5H), 2.22 (s, 3H), 1.97 (s, 3H), 1.85 (p, 

2H,J=6.24);I3C NMR (CDC13): 8172.99, 156.05, 141.95, 139.84,137.00, 136.25,

135.35.134.45.134.08, 133.53,130.75, 127.55,123.42, 122.59,117.88,28.58,27.25,

25.26.24.39.21.51.20.08.

AnaL (C22H26O2 ) calcd.: C 81.95% H 8.13%. Found: C 81.65% H 8.11%.
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Inhibition Concentrations at 50% (IC5®) for the Binding of Retinoids to 

RARs and RXRs. The procedure for the determination of IC50 values for the isomers of 

retinoids 1-6 were based on methods previously published by Allenby et al. for (9Z)- RA 

and (all-E)-RA.30 The protocol was performed as described previously.2® Briefly, COS- 

1 cells were transfected with pSG65 espression plasmids containing cDNAs encoding on 

of the RARs or RXRs (a, P, or 7 - subfamilies). Nucleosol fractions were prepared and 

stored at -80 °C. Aliquots of these fractions were incubated with assay buffer as de

scribed by Levin et a t with tritiated RA or (9Z)-RA and unlabelled ligands in ethanol.9* 

To survey the binding of test compounds to RARs and RXRs, an initial screen was per

formed by incubating 5 nM of [3H]-(9Z)-RA and 1000 nM of test compound with the 

RAR preparation at 4 °C for 4 h or 20 nM of [3H]-(9Z)-RA and 1000 nM of test com

pound for the RXR preparation. To determine IC30S, this experiment was repeated with 

nine concentrations o f unlabeled ligand (0-10 pM) in duplicate. Free ligands were sepa

rated from the bound ligands using disposable PD-10 desalting columns (Pharmacia LKB 

Biotechnology Inc.), which were washed as previously described by Levin et al.9* Total 

activity, specific ligand binding, and nonspecific ligand binding were determined by scin

tillation counting as previously described by Allenby et aL30 The percent of specific 

binding was defined as the ratio of observed binding at each concentration of competitive 

ligand and the specific binding. The IC jo  values were calculated by a fit of the 18 data 

points to the equation: Y= [A(A-D)/1 + (X/C)8] + D, where Y is the percent specific 

binding, A is the maximal response (set at 100%), D is the minimal response (set at 0%), 

C is the IC30 value, and B is the slope of the linear portion of the response o f the log
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dose-response curve. The parameters B and C were adjusted to allow the best fit o f the 

data.

Transient Transfection Assays. CV-1 cells were grown in Dulbecco’s modified 

Eagle’s medium (DME) supplemented with 10% fetal bovine serum (FBS). Transient 

transfection of these cells with a DNA plasmid was performed essentially as described 

previously by Husmann et al.31 and Pfahl et al.32 with minor modifications. Twenty-four 

hours before transfection, cells were plated at 5 x 104 cells per well in a 24-well plate. 

Four hours before the addition of DNA-calcium phosphate precipitates, the cells were fed 

with DNA medium supplemented with charcoal stripped FBS. The DNA used in the 

transfection consisted of 100 ng of either RARa, RARP, RARy, or RXRa and 200 ng of 

the reporter gene (TREpalVtk-chloramphenico 1 acetykransferase (CAT), 300 ng of P- 

galactosidase expression plasmid pCHl 10, and 400 ng of carrier bluescript plasmid 

(pBluescript). When RXR homodimer or RAR/RXR heterodimer activities were investi

gated, 20 ng of RXRa expression vector alone or together with 25 ng of RARa expres

sion vector was used. After overnight incubation in the presence of the DNA precipi

tates, cells were washed once with phosphate-buffered saline (PBS) and grown for 24 h 

in medium containing 10% charcoal- stripped FBS and various concentrations of the 9- 

cis RA or the test retinoids. At the end of the incubation, cells were washed once with 

PBS and lysed for 10 mm at room temperature in 0.25 mL of 100 nM Tris-HCl, pH 7.8, 

containing 0.5% Triton X-100. The resultant cell extracts were assayed for P- 

galactosidase and CAT activity as described by Husmann et aL31 The CAT activity of
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each individual sample was normalized for transfection efficiency by the corresponding 

P-galactosidase activity.

Gel Retardation Assays. To synthesize RXRa protein in vitro, DNA sequences 

encoding RXRa cloned into pBluescript were transcribed by using T3 RNA polymerase, 

and the transcripts were translated in the rabbit reticulocyte lysate system (Promega) as 

described previously by Zhang et al.33 The relative amount of translated proteins was de

termined by separating the 35S-methionine-labeled proteins on sodium dodecyl sulfate 

polyacrylamide gels (SDS-PAGE), quantitating the amounts of incorporated radioactiv

ity, and normalizing it relative to the content of methionine residues in RXR. To perform 

gel retardation assays, the in vitro synthesized RXRa protein was incubated with 32P- 

labeled TREpal in a 20 pL reaction mixture containing 10 mM Hepes buffer, pH 7.9,50 

mM KCL, 1 mM DL-dithiothreitol (DTT), 2.5 mM MgCfe, 10% glycerol, and lp g o f poly 

(dl-dC) at 25 °C for 20 mm. The reaction mixture was loaded on a 5% nondenaturing 

polyacrylamide gel containing 45.5 mM Tris-borate, 45.5 mM boric acid, and 2 mM 

ethylenediamine tetraacetic acid (EDTA). When retinoids were used, they were incu

bated with RXR for 10 min at room temperature prior to performing the DNA binding as

say. The TREpal oligonucleotide was labeled by Klenow DNA polymerase and the la

beled oligonucleotides were purified by gel electrophoresis and used as probes for the gel 

retardation assay.
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Abstract

We recently reported the synthesis and biological activity of the conformationally 

defined 6-s-trans retinoic acid (RA) analogue, (9Z)-UAB30 [(2£,4£,6Z,8£)-8-(3’,4’- 

dihydro-1 X2’H)-naphthalen-r-ylidene)-3,7-dimethyl-2,4,6-octatrienoic acid], which is 

retinoid X receptor (RXRa) selective (IC$o = 284 nM; ECso = 118 nM) (Muccio et al. J. 

Med Chem. 1998, 41, 1679). In order to explore the effect o f the size o f the cyclohex- 

enyl ring on RXRa activity, the ring-enlarged analogue of (9Z)-UAB30 was synthesized. 

By increasing the size of the cyclohexenyl ring, the range of accessible torsion angles 

about the C6-C7 bond could be increased, which may affect RXR-selectivity. In this 

study we prepared homologs of (9Z)-UAB30 that contained a cycloheptenyl ring (2). 

The transcriptional activation ability of the ring-expanded retinoid 2 revealed signifi

cantly increased potency for the activation of both the retinoic acid receptors (RARs) and 

RXRa, although selectivity for RXRa remained similar to that observed for (9Z)-UAB30.

Introduction

Retinoids control various biological functions, including cell differentiation, pro

liferation, embryonic development, and apoptosis.1,2 Analogs of (all-tram) retinoic acid 

(ATRA) such as Tazarotene3 and Differin'4 have shown activity in the treatment of the de- 

rmatological disorders psoriasis and acne. The naturally occurring retinoid 13-cis RA, 

which in vivo is metabolized to ATRA, is currently used in the treatment o f acute pro

myelocytic leukemia (APL).5 Preliminary reports have shown that the retmoid pan

agonist 9-cis RA6 and the RXR-selective retinoid Targretin7 exhibit chemopreventive ac

tivity m rats. However, retinoid therapy is restricted by a wide range of undesirable side
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effects,8 including teratogenicity.9 Therefore, it is imperative that receptor-subtype selec

tive retinoids be developed in order to elucidate the involvement of receptor subtypes in 

disease and provide the basis for the design of less toxic action-specific retinoids that 

could be used in the treatment of disease.

The biological effects of retinoids are mediated through interaction with two 

classes o f receptors (RAR a, -P, -y and RXR a, -P, -y), both of which belong to the ster

oid/thyroid superfamily of hormone nuclear receptors. ATRA binds and activates only 

RARs, while 9-cis RA binds both RARs and RXRs. The RARs form heterodimers, while 

the RXRs can form both heterodimers and homodimers that interact with hormone re

sponse elements to affect transcription.

In an effort to elucidate the precise physiological role of each receptor subtype in 

human disease, both RAR10,11 and RXR12,13 receptor-selective agonists were developed. 

Both RAR- and RXR-selective retinoids have shown promise as chemotherapeutic and 

chemopreventive agents for breast cancer.14 Breast cancer affects one in ten women in 

Western Europe and the United States. Mortality remains high despite advances in 

mammo graphic screening, adjuvant chemotherapy, and radiotherapy.13 Approximately 

50% of women with existing breast cancer will die of metastatic disease. Therefore, 

there is a need for new chemopreventive and chemotherapeutic agents. Tamoxifen 

(TAM) is the current treatment for breast cancer and has been in use since the 1970s and 

was recently approved by the Food and Drug Administration (FDA) as a mammary che

mopreventive agent. TAM exerts its anti-proliferative effect on breast cancer cells 

through antagonism o f the estrogen receptor, thereby blocking estrogen binding and in

hibiting estrogen-dependent cell growth.16 Mammary tumors are classified according to
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estrogen receptor expression. Those tumors that express the estrogen receptor are re

ferred to as ER+, while those tumors that do not express the estrogen receptor are classi

fied as ER*. Although adjuvant use of TAM for more than 2 years has been associated 

with a 38% reduction in breast cancer recurrence, long-term TAM administration has 

been associated with blood clots and an increased risk for endometrial cancer and often

times results m drug resistance.17

The antiproliferative activity of retinoids (9-cis RA, ATRA) in ER+ breast cancer 

cells has been attributed to RARa binding and activation.18 However, in in vitro systems, 

some ER+ cell lines (MDB-MB-231 and MDA-MB-468) are refractory to RAR agonist 

(ATRA) treatment due to loss of expression of RARa.19 Administration of RXR- 

selective agonists to these ATRA-resistant cells demonstrated that RXR-selective reti

noids can induce growth inhibition and apoptosis, whereas RAR-selective retinoids are 

more effective in ATRA-sensitive cells. RXR ligands mediate these effects not through 

the RAR/RXR heterodimer but through activation of the RXR/nur77 heterodimer. The 

RA target gene is retinoic acid response element PRARE, which binds both the 

RAR/RXR and RXR/nur77 heterodimers. When RARa receptors are expressed, an RXR 

specific ligand alone cannot inhibit proliferation, induce differentiation, or induce apop

tosis. This is partly due to the inability of RXR ligands to bind the heterodimer in the ab

sence of RAR ligand.20 The activation function (AF-2) helix of the RAR subunit occu

pies the ligand-binding domain (LBD) of the RXR subunit o f the homodimer. Only upon 

binding of RAR does a conformational change take place to allow for RXR binding. 

Therefore, RXR-selective retinoids could be useful for ER+ breast cancer chemotherapy.
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Both the pan-agonist 9-cis RA and the RXR-selective agonist Targretin have 

shown chemopreventive activity in rats in the A-methyl nitrosourea (MNU) model for 

mammary cancer chemoprevention. Anzano et al. reported that the pan-agonist 9-cis RA 

was an effective chemopreventive agent in rats when used alone or in combination with 

TAM.6 In feet, 9-cis RA potentiated the chemopreventive activity of TAM. Gottardis 

reported that the RXR-selective agonist Targretin showed chemopreventive activity when 

administered alone or in combination with TAM.7 A synergistic effect was also observed 

for the Targretin/TAM combination. Recently, LGD1069 (Targretin) was tested m an in 

vivo assay that mimics the clinical situation where the patient becomes resistant to 

TAM.7c When used in combination with TAM, LGD1069 reduced the number of tumors 

in rats. Preliminary results from the in vivo testing of (9Z)-UAB30 in the MNU model 

for mammary cancer chemoprevention indicate that this RXR-selective retinoid also acts 

as an effective breast cancer chemopreventive agent in rats. Further testing is required to 

determine the optimal dose and to test in combination with TAM.

Because the crystal structure of holo-RXR was not available until very recently,20 

design of RXR-specific ligands followed empirical observations made by us and other 

groups.12,13 The first synthetic retmoid that activated both RARs and RXRs was 3-methyl 

TTNPB, which is a derivative of 4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2- 

naphthalenyl)-1 E-propenyl]benzoic acid (TTNPB) and a potent RAR pan-agonist. The 

only difference between the two structures was the presence of a methyl group at the 3- 

position, which allowed for binding o f RXRs as well as RARs. Molecular modeling 

showed that the steric repulsion between the 3-methyl and the vinyl hydrogen of the 

linker resulted in a more bent conformation, which was associated with enhanced RXR
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binding. Reported here is a study where the six-membered ring of the dihydronaphtha

lene moiety in (9Z)-UAB30 was altered to a seven-membered ring in order to explore the 

effect o f the ^ 5,6,7,8 torsion angle on RXR-selectivity (Figure 1). The larger ring of 2 

should enable access to a larger range of torsion angles, which may alter the RXR activ

ity. In this paper, we report the design, synthesis, receptor-binding, and activation activi

ties of this novel retinoid.

2(9Z)-UAB30
(1)

Figure 1. (9Z)-UAB30 (1) and ring-expanded analog 2.

Chemistry

The synthesis of retmoid 2 is summarized in Scheme 1. Starting with commer

cially available 1-benzosuberone (3), a Reformatsky reaction proceeded smoothly to 

stereospecifically provide the (9Z)-acid 4. The reduction of the acid 4 yielded the alcohol 

5 as expected, which was contaminated with some retro product. The crude mixture of 

alcohols (5) was oxidized, and the crude aldehyde was obtained as a mixture o f 9Z (6) 

and retro isomers (7) (2:1). The aldehyde 6 was purified on a flash column (10% ethyl 

acetate/hexanes). In early attempts to synthesize 2, the aldehyde was carried forward to
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Scheme 1. Synthesis of Ring-Expanded Analog (2) of (QZ^UAIHO*

CO2H

d

C H 2OH

e

3 4 5 + retro product

(9Z)-«
+

C H O

f

8

(2:113E:13Z)

2 C O 2HCQjEt

C H O

7

a (a) Zn/ HCl; (b) ethyl 4-bromo-3-methyl-2-butenoate, 1,4-dioxane, reflux; (c) acidic 
work-up; (d) LLAIH4, ether, 0 °C; (e) MnCh, molecular sieves, CH2CI2, 0 °C; (f) NaH, 
TEPS, DMPU, THF, 0 °C; (g) (aq) KOH, methanol, 60°C.

the next step as a mixture of the (9Z)-aldehyde 6 and retro product 7, anticipating that the 

isomers could be separated at the ester stage or the desired isomer could be crystallized at 

the acid stage. However, the two isomers were inseparable on flash silica chromatogra

phy at both the ester and the acid stages. Subsequently, a suitable chromatography sol

vent (100% CH2CI2) was identified that could separate the (9Z)- and retro-aldehydes al

though the recovery o f 6 was less efficient than anticipated due to the isomerization of 

the aldehyde during the separation. The pure (9Z)-aldehyde 6 was olefinated in the 

Homer-Emmons reaction to provide the ester 8 [2:1 (9Z) to (9Z, 13Z)]. The 9Z and diZ
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isomers were separated on a flash silica column (30% hexanes/toluene). The pure (9Z, 

13E) ester 8  was then hydrolyzed in base to yield the acid 2.

Results and Discussion

Nuclear Receptor Binding Affinity and Transcriptional Activation Activity.

By expanding the cyclohexenyl ring of (9Z)-UAB30 to a seven-membered ring, greater 

RXR selectivity was anticipated. As shown by the results from the binding assay (Table 

1) and the transcription assay (Figure 2-5), potency for both the RARs and RXRa was 

enhanced by approximately two-fold, while the goal of enhancing RXRa-selectivity was

Table 1. Inhibition Concentrations at 50% (nM) for the Binding of Retinoids (9Z)- 
UAB30, (9Z)-Retinoic Acid (RA), and 2 to Mouse Retinoic Acid Receptors (mRARs) 
and Retmoid X Receptors (mRXRa)

retinoid mRARa

ICS0 (nM)fl

mRARP mRARy mRXRa

(9Z)-RA 31° 8 ° 60s 73c

(9ZHJAB30 980 620 1225 960

[(9ZHTAB30] [>2 0 0 0 ] ' [>2 0 0 0 ] ' [>2 0 0 0 ] ' [284]'

(9Z)-2

a  t l .  rr» — i

490 >500* 495 442

TTTnTTTTTn ‘
values with RARs, competition of unlabeled test retinoid was determined in the pres
ence o f 5 nM of [^-(a/Z-EJ-retinoic acid. For RXRs, competition of unlabeled test 
retinoid was determined in the presence of 20 nM of [^-(QZV-RA. Based on re
peated measurements, the estimated error is 20% of the mean. Values reported by 
Allenby et al.21 c Values reported by ADenby et al.22 d Values reported in brackets by 
Muccio et al. 12 The other values are from the present study. * Doses greater than 500 
nM were not tested.
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Figure 5. RXRa-receptor transcriptional activation.

not achieved. It is interesting to note that when comparing the chloramphenicol acetyl- 

transferase (CAT) activity at the two doses (10*6 M and 10' 7 M) for 2, unlike (9Z)- 

UAB30, there was not a drastic reduction in RAR0 and RARy activity at the 10*7 M dose.

Regarding RXR selectivity, most striking was the RXRa transcriptional activity 

of 2, which was more active than 9-cis RA at RXRa. In conclusion, UAB retinoid 2 is a 

potent RXRa agonist that also exhibits significant activity for the RARa receptor.

Experimental Section

Biology. In order to study the ability 2 to recognize RA-binding sites within the 

protein receptors, the ICjo values were measured for the inhibition of the binding of (all- 

£)-RA to mRARa, mRAR0, and mRARy using methods described previously by Levin 

and coworkers.23 Similar studies were also performed for the inhibition of binding of 

(9Z)-RA to mRXRa.21 Briefly, COS-1 cells were transfected with the pSGS expression 

plasmids containing cDNAs encoding one of the RARs or RXRs (a-, P-, or y- 

subfemilies). To survey the binding of test compounds to RARs and RXRs, an initial
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screen was performed by incubating 5 nM of [3H]-(a//-£)-RA and 1000 nM of the test 

compound with the RAR preparation at 4 °C for 4 h or 20 nM of [3H]-(9Z)-RA and 1000 

nM of the test compound with the RXR preparation. To determine ICj0 values, this ex

periment was repeated with nine concentrations o f unlabeled ligand (0-10 pM) in dupli

cate. Finally, 2 was evaluated for the efficiency o f activating RARa, -p, and -y homo

dimers and RXRa homodimers using the chloramphenicol acetyltransferase (CAT) re

porter gene containing the thyroid hormone response element (TREpal) according to a 

method described by Zhang et al.24

Chemistry. lH and 13C NMR spectra were obtained at 300.1 MHz on a Broker 

spectrometer in CDCI3. UV-Vis spectra were recorded on both an AVIV 14DS spectro

photometer and a Hewlett-Packard spectrophotometer in methanolic solution (Fisher, 

spectrograde). IR spectra were recorded using a Bomem FTIR spectrometer. TLC was 

performed on pre-coated 250 pm silica gel plates (Analtech, Inc.; 5x10 cm). Solvents 

and liquid starting materials were distilled prior to use. Reactions and purifications were 

conducted with deoxygenated solvents, under inert gas (N2) and subdued lighting. Melt

ing points were recorded on a MeltTemp melting point apparatus and were uncorrected.

(2Z,4£)-4-(6’,7’,8’,9’-Tetnihydro-benzocyclohepten-5’-ylidene)-3-methyl-2- 

butenoic Acid (4). Zn dust (13.2 g, 0.200 mol) was stirred with 20% HC1 (40 mL) for 

20 min at room temperature. The mixture was allowed to settle, and the liquid was care

fully removed with a pipet. The Zn was then washed with water (3 x 50 mL), anhydrous 

acetone (3 x 50 mL), and anhydrous ether (3 x  50 mL). After residual ether was removed
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under a stream of N2, the flask was gently heated with a heating mantle for 30 min, fol

lowed by strong heating with a bunsen burner flame for 1 min. The cooled Zn dust was 

suspended in anhydrous dioxane (35 mL) and a solution of 1-benzosuberone 3 (5.44 g, 

34.0 mmol), ethyl 4-bromo-3-methyl-2-butenoate (7.30 mL, 57.8 mmol), and anhydrous 

dioxane (45 mL) was added over 10 min, which produced an exothermic reaction. The 

resulting reaction mixture was stirred at reflux for 3 h then cooled to room temperature. 

The reaction mixture was diluted with ether (50 mL), and acidified 5% HC1 (100 mL) and 

filtered through a pad of Celite. The filter was washed well with ether (150 mL), and the 

ether layer from the filtrate was extracted with 1N NaOH (3 x 200 mL). The pH of the 

basic aqueous layer was adjusted to pH 1-2 with 5% HC1 and extracted with ether (2 x 

200 mL). The organic layer was washed with saturated NaCl solution, dried (NazSOO, 

and concentrated under vacuum to provide a yellow solid 4 (6.2 g, 75%): mp 121-122 °C 

(ether/hexanes); MS m/e 243 (MIT); UV-Vis (MeOH) Xn*x283 nm (e=7316); lH NMR 

(CDCI3): 87.32-7.27 (m, 1H), 7.17-7.14 (m, 2H), 7.08-7.05 (m, 1H), 5.80 (t, 1H, J=1.27), 

2.77 (m, 2H), 2.41-2.39 (m, 2H), 2.17 (s, 3H), 1.75-1.74 (m, 4H); I3C NMR (CDCI3) 

8172.0, 156.95, 146.82, 145.33, 140.41, 129.09,128.56, 128.19, 127.64, 126.82,118.29, 

35.79,31.59,29.63,27.74,26.29.

Anal (CksHisOz) calcd.: C 79.31% H 7.49%. Found: C 79.53% 7.59%.

(2Z,4£)-4-(6’,7’,8’,9,-Tetrahydro-benzocyclohepten-5,-ylidene)-3-niethyW- 

butenol (5). A solution of the acid 4 (1.88 g, 7.75 mmol) m anhydrous ether (78 mL) 

was cooled to -78 °C, and a 1M solution of LiAlH4 in ether (8.50 mL, 8.50 mmol) was 

added with stirring under nitrogen atmosphere. After the dry ice-isopropanol bath was
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removed, the reaction temperature was brought to 0 °C with an ice water bath and al

lowed to stir for 3 h. The reaction was quenched with methanol (10 mL) followed by the 

addition of 5% HC1 (100 mL). The mixture was extracted with ether (2 x 100 mL), 

washed with saturated NaCl solution (100 mL), dried (Na2S0 4 ), and concentrated under 

vacuum to give a pale yellow oil S (1.6 g, 93%). The crude oil was purified by flash sil

ica chromatography (30% Et2 0 /hexanes) for elemental analysis. FTIR (neat) 3326 (OH), 

1710 (C=C), 1660 (C=C) cm*1; MS m/e 211 (Mff-HzO); UV-Vis (MeOH) W 2 3 9  nm 

(8=11263); lHNMR(CDCl3) 87.19-7.11 (m, 2H), 7.08-7.03 (m, 1H), 5.91 (s, 1H), 5.53 

(tt, 1H, J=1.19 & 6.75), 4.17 (d, 2H, J=6.74), 2.73 (s, 2H), 2.29 (s, 2H), 1.89 (s, 3H), 1.70 

(t, 4H, J=2.95); I3C NMR (CDC13): 8145.86,145.32,140.53, 136.52,129.21,128.58, 

127.59, 126.75, 126.70,60.90,36.19,30.92,29.79,27.87,24.62.

Anal (C16H20O) calcd.: C 84.16% H 8.83%. Found: C 83.95% H 8.87%.

(2Z,4£)-4-(6’,7’,8’,9’-Tetnihydro-benzocyclohepten-5,-yUdene)-3-niethyl-2- 

butenal (6). A slurry containing activated Mn0 2  (7.57 g, 88.0 mmol), powdered molecu

lar sieves (5.0 g), and anhydrous CH2CI2 (44 mL) was prepared and cooled to 0 °C. A 

solution of the alcohol 5 (1.50 g, 4.40 mmol) in anhydrous CH2CI2 (44 mL) was added, 

and the reaction proceeded with vigorous stirring (overhead stirrer) at 0 °C for 3 h. The 

reaction mixture was filtered through a pad of silica gel, and the filter was washed with a 

cold 50% ether/CH2Cl2 solution (500 mL). The filtrate was concentrated under vacuum 

to give an oQy residue. This was placed on a flash silica gel column (4.5 x 45 cm) and 

eluted with 100% CH2CI2 to yield (9Z)-aldehyde 6  (0.530 g, 35%) as a colorless oil;

FTIR (neat) 1675 (C=0), 1612 (C=C) cm*1; MS m/e 227 (MH*); UV-Vis (MeOH) W
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232nm (e=13714); lHNMR(CDClj) 59.84 (d, 1H, J=8.23), 7.12-6.94 (m, 3H), 6 .8 6  (d, 

1H, J=7.25), 6.57 (s, 1H), 5.64 (d, 1H, J=8.18), 2.70-2.66 (m, 2H), 2.39-2.35 (m, 2H), 

1.92-1.81 (m, 2H), 1.71-1.65 (m, 2H), 1.61 (s, 3H); l3CNMR(CDCl3): 8192.17, 158.87, 

152.83, 141.73,140.73,129.85, 129.72, 128.71, 128.27, 126.55, 123.80,39.47,36.91, 

33.06,27.91,24.95.

Anal. (Cl6H|8O-0.5 H20 ) calcd.: C 81.67% H 8.14%. Found C 81.70% H 7.70%.

(2£«4E,6Z,8£)-Ethyl8-(6\7'3%9,-Tetnihydro-bciizocycloheptcii-S’-ytidene)- 

3,7-dimethyl-2,4,6-octatrienoate ((9Z, 13E)-8). In a dry round-bottom flask flushed 

with N2, NaH (60% dispersion in mineral oil) (0.10 g, 3.1 mmol) was washed with hex

anes three times to eliminate the mineral oil. At 0 °C, the NaH was suspended in anhy

drous tetrahydrofuran (THF) (1 mL) and freshly distilled triethyl phosphonosenecioate 

(0.74 g, 2.8 mmol) was added followed by distilled l,3-Dhnethyl-3,4,5,6-tetrahydro- 

2( l#)-pyrimidinone (DMPU) (0.05 mL, 0.47 mmol) and allowed to stir for 20 min. To 

this mixture was added (9Z)-aldehyde 6  (0.530 g, 2.35 mmol) in THF (4 mL), and the re

action proceeded for 30 min. The reaction was quenched with methanol (2-3 mL), and 

the reaction mixture was diluted with ether (100 mL). The ether layer was washed with 

5% HC1 (100 mL) followed by water (100 mL) and brine (100 mL). The product was 

dried (Na2S04) and concentrated in vacuo to give the ester as a mixture of two geometri

cal isomers. The product was purified by flash chromatography and eluted with 30% 

hexanes in toluene to yield the (9Z, 13E)-8 and (9Z, 13Z)-8 esters.
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For (9Z,13E)-8. 0.33 g (42%) yellow oil; FTIR (neat) 1707 (C=0) 1605 (C=C) 

cm l; MS m/e 337 (M Jf); UV-Vis (MeOH) W 3 2 4  nm (s=28516); *H NMR (CDC13) 

87.25-7.11 (m, 4H), 6.87 (dd, 1H, J=4.26 & 11.03), 6.22 (d, 1H, J=15.37), 6.16 (d, 1H, 

J=14.57), 6.12 (s, IH), 5.76 (s, 1H), 4.16 (q, 2H, J=7.12), 2.81-2.77 (m, 2H), 2.34 (broad 

s, 2H), 2.28 (s, 3H), 2.02 (s, 3H), 1.73 (broad s, 4H), 1.28 (t, 3H, J=7.11); I3C NMR 

(CDCl3) 6167.62, 153.24, 146.40, 145.30, 140.97, 140.45,134.21, 132.93,129.25, 

128.41,127.99,127.81, 127.68, 126.77, 118.99,60.06,35.95,31.13,29.22,27.70,24.99, 

14.78,14.16.

Anal. (C23H28O2) calcd.: C 82.10% H 8.51%. Found: C 81.86% H 8.51%.

For (9Z, 13Z)-8. 0.22 g (28%) yellow ofl; FTIR (neat) 1709 (C=0) 1607 (C=C) 

cm*1; MS m/e 337 (MIT); lHNMR(CDCl3) 87.72 (d, 1H, J=15.62), 7.25-7.10 (m, 4H), 

6 .8 6  (dd, 1H, J=4.52 & 11.09), 6.20 (d, IH, J=11.07), 6.06 (s, IH), 5.63 (s, 1H), 4.16 (q, 

2H, J=7.12), 2.80-2.76 (m, 2H), 2.35 (broad s, 2H), 2.01 (s, 3H), 1.99 (s, 3H), 1.72 (broad 

s, 4H), 1.29 (t, 3H, J=7.10); I3CNMR (CDC13) 8166.90,151.73,146.24,145.38, 141.22, 

140.46,134.23,129.24, 128.77, 128.41, 128.34, 127.95,127.64, 126.75,116.95,60.05, 

35.97,31.11,29.27,27.72,25.04,21.41,14.79.

(2£,4£',6Z,8£)-8-(6’,7’,8,,9’-Tetnihydro-benzocyclohepten-5,-ylidene)-3,7- 

dimethyl-2,4,6-octatrienoic Acid (2). The (9Z,13E) ester 8  (0.30 g, 0.89 mmol) was 

dissolved in HPLC grade methanol (final concentration 0.06 M), and to this solution was 

added a 2 M aqueous solution of KOH (13 mL). The reaction mixture was heated to re

flux for 1 h and then allowed to cool to room temperature. The flask was cooled in an ice
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bath (10 °C), and the mixture was acidified with 5% HC1 (pH 1-2). The mixture was fil

tered to yield 2 (0.23 g, 85%) as a yellow solid, which was recrystallized from 

ether/hexanes to yield 0.12 g (52% recovery) of a creamy white solid: mp 174-175 °C 

(ether/hexanes); FTIR (KBr) 1669 (C=0), 1595 (C=C) cm 1; MS m/e 309 (MIT); UV- 

Vis (MeOH) 319 nm (e=32722); lHNMR(CDClj) 87.24- 7.17 (m, 3H), 7.12- 7.10

(m, IH), 6.92 (dd, IH, J=11.01 & 4.27), 6.25 (d, IH, J=15.36), 6.11 (d, IH, J=11.07), 

6.07 (s, IH), 5.79 (s, IH), 2.81-2.77 (m, 2H), 2.38- 2.34 (m, 2H), 2.29 (s, 3H), 2.03 (s, 

3H), 1.73 (broad s, 4H); I3CNMR(CDC13) 8172.63, 155.83,146.55, 145.24, 141.81, 

140.45, 133.99,133.86,129.27,128.40, 127.94,127.75, 127.71,126.77,35.94,31.13, 

29.21,27.68,25.04, 14.37.

Anal. (C21H24O2) calcd.: C 81.78% H 7.84%. Found C 81.65% H 7.84%.
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Abstract

We recently reported the synthesis and biological activity of the conformationally 

defined 6 -s-trans retinoic acid (RA) analogue, (9Z)-UAB30 [(2£,4£,6Z,8£)-8-(3\4’- 

dihydro-r(2’H)-naphthaIen-r-ylidene)-3,7-dimethyl-2,4,6-octatrienoic acid], which is 

retinoid X receptor (RXRo) selective ( IC jo = 284 nM; E C jo =118 nM) (Muccio et a l J. 

Med. Chem. 1998,41 ,1679). In an effort to enhance RXRa activity, analogues were syn

thesized possessing both an amide linkage and a benzoic acid terminus to explore the ef

fects o f these structural alterations on receptor selectivity. The transcriptional activation 

ability o f these retinoids was measured for the retinoic acid receptor (RARs -a, *p, -y) and 

RXRa. Although these structural alterations to (9Z)-UAB30 resulted m the loss o f RARa 

and RXRa activation, RARy activation was enhanced, revealing a new class of RARy- 

selective ligands.

Introduction

Retinoids are involved in the regulation of cell processes such as proliferation, 

differentiation, and apoptosis via the activation o f retinoid receptors, which are members 

o f the hormone nuclear receptor superfamily. 1,2 These retinoid nuclear receptors function 

as transcription factors and are comprised o f the retinoic acid receptors (RARs) and reti

noid X receptors (RXRs). These two classes of retinoid receptors each include three iso

forms (a, P, y). RARs are activated by both the 9-cis and (all-trans) isomers of retinoic 

acid (RA) ,3 while RXRs are activated by 9-cis RA. The RARs function in vivo as RXR 

heterodimers, which bind the promoter regions o f RA responsive genes and mediate gene 

transcription upon ligand-binding o f the RARs. RXR can also form heterodimers with
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other hormone nuclear receptors peroxisome proliferator activation receptor (PPARy), vi

tamin D receptor (VDR), and thyroid receptor (TR), in addition to forming homodimers. 

Both (all-trans)-RA (ATRA) and 9-cis RA are used clinically, but therapeutic use is 

hampered by toxicity3 and teratogenicity.4 Because each retinoid receptor has a charac

teristic tissue distribution pattern,5 toxicity can be reduced by selectively activating indi

vidual retinoid receptors. Several RAR-6,7,8 and RXR-9,10 selective agonists and antago

nists have been reported, which have helped elucidate the physiological role of each re

ceptor subtype. Thus, considerable effort has been directed toward identifying retinoids 

with receptor subtype selectivity.

Common structural features are often found in receptor-selective retinoids. For 

example, substitution of the dienoic acid terminus of ATRA with a benzoic acid terminus 

resulted in the potent RAR pan-agonist 4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2- 

naphthalenyl)-1 E-propenyl]benzoic acid (TTNPB) (Figure l ) . 11 Kagechika et al. altered 

the structure of TTNPB by inserting an amide linkage in place of the propenyl linker to 

yield Am80, a RARa-selective agonist.7 Similarly, Targretin, which is an RXR-selective

y \  x aH

TugnUn

Figure 1. Pan-agonist TTNPB, RARa-selective retinoid Am80, and RXR-selective reti
noid Targretin.
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retinoid, is also a derivative o f TTNPB. In this case, replacement of the propenyl linker 

with a methylene linker resulted in a central “cis-oid” geometry and RXR selectivity. 

Thus, retinoid receptor selectivity may be modified in compounds possessing a benzoic 

acid terminus. We previously reported the synthesis and receptor binding and activation 

profile o f the 9-cis RA analog, (9Z)-UAB30, which is an RXR-selective ligand. We 

sought to explore the effect o f replacing the dienoic acid terminus o f (9Z)-UAB30 with 

an amide-linked benzoic acid terminus as in compound 2 (Figure 2). In addition, if the 

receptor subtype selectivity and potency for these agents were maintained or enhanced, 

the synthesis of the amide derivative would make these compounds attractive because it 

is much simpler and higher yielding than the synthesis of (9Z)-UAB30. Also targeted 

were the p-aminobenzoic acid amides of substituted (9Z)-UAB30 analogs (3-8, Scheme

Figure 2. Structures of (9Z)-UAB301 and the amide derivative 2.

Chemistry

The synthesis of 2 and analogs was proposed as the straightforward amidation of 

(9Z)-acid 9, which is made in one step from l-tetrakme as described in the first manu-

1).

(9Z)-UAB30

COiH
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Scheme 1. Synthesis of Amides 2-8°

Rj> y  co2h

a-c

*4 9-15

9 n=l; Ri=R2=R3=R4=H 16 n=l
10 n=l; Ri=R3=R4=H; R2=OCH3 17 n=l
11 n=l; Rl=R2=R4=H; R3=OCH3 18 n=l
12 n=l; Ri=R2=R3=H; R4=OCH3 19n=l
13 n=l; R2=R3=R4=H; R[=CH3 2 0  n=l
14 n=l; R,=R3=H; R2=R4=CH3 2 1  n=l
15 n=2; Rj=R2=R3=R4=H 2 2  n= 2

R. [—R-2—R3—R4 H 
Ri=R3=R4=H; R2=OCH3 

R,=R2=R4=H; R3=OCH3 

R,=R2=R3=H; R4=OCH3 

R2=R3=R4=H; Rj=CH3 

R,=R3=H; R2=R4=CH3 

Ri=R2=R3=R4=H

c o 2c h 3

2  n=l; Ri=R2=R3=R4=H
3 n=t; Ri=R3=R4=H; R2=OCH3

4 n—1; Ri=R2=R4=H; R3=OCH3

5 n=l; Ri=R2=R3=H; R4=OCH3

6  n=l; R2=R3=R4=H; Ri=CH3

7 n=l; Ri=R3=H; R2=R4=CH3

8  n=2; R1=R2—R3=R4=H

d

2-8

CO->H

a (a) hexachloroacetone, PPh3, THF, -78 °C; (b) methyl 4-aminobenzoate, -78 °C; (c) 
pyridine, -78 °C; (d) 0.8 N KOH, methanol, 60°C.
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script. The first attempt involved the acid chloride intermediate. Conventional methods 

iitiliTwig reagents such as PCI312 and SOCI27 failed to convert the acid to acid chloride. 

Phosphorous trichloride required elevated reaction temperatures and caused decomposi

tion of the acid. A similar decomposition was obtained with thionyl chloride. Milder 

procedures were then utilized to activate the carboxyl group. Activation of the carboxylic 

acid with each of the reagents carbodiimidazole (CDI) , 13 l-(3-Dimethyl-aminopropyl)-3- 

ethylcarbodiimide hydrochloride (EDI),?C and dicyclohexylcarbodiimide (DCC)/4- 

Dimethylaminopyridine (DMAP) 14 was attempted and appeared promising. The first two 

methods were successful m activating the carboxyl group as evidenced by the evolution 

of CO2 (g), and the third method was also successful in activating the carboxyl group due 

to the disappearance of starting material on TLC. However, methyl 4-aminobenzoate 

was unreactive with these intermediates. This was confirmed by performing the reaction 

of the acid 9 with aniline under the same reaction conditions to form the corresponding 

amide.

In addition, several peptide-coupling reagents, including EEDQ,1S diphenylphos- 

phorylazide (DPPA),16and Bis(2-oxo-3oxazolidinyl)phosphinic chloride (BOPC1) 17 also 

foiled to provide product. Finally, Villeneuve and Chan18 reported a modification of a 

mild procedure used to synthesize retinamides from an acid and methyl-4-aminobenzoate 

as first reported by Magid et al. 19 Using benzoic acid and methyl 4-aminobenzoate, a 

quantitative yield o f the resulting amide was obtained. This procedure was then used to 

prepare amides 16-22 from the corresponding acids 9-15, which were synthesized as de

scribed previously. 10 The amides 16-22 were prepared by reaction o f the appropriate car

boxylic acid 9-15 withhexachloroacetone, triphenylphosphine, and methyl 4-amino-
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benzoate in tetrahydrofuran (THF) at -78 °C using the method reported by Villeneuve 

and Gian. 18 The acid chloride formed almost immediately, and the formation of the am

ide was complete within 30 min. A nonpolar side product was also formed for reactions 

longer than 30 min. For reaction times shorter than this, yields between 60-70% were ob

tained.

Formation of the amide bond could result in two conformers (-cis and -trans am

ides). As reported by Kagechika et al., the trans-amide predominates due to increased 

thermodynamic stability unless the amide nitrogen is substituted.764 The trans conforma

tion of the amide bond was confirmed using Nuclear Overhauser Effect Spectroscopy 

(NOESY).

Three key interactions define the stereochemistry of the trans conformation of the 

amides (2-8). Cross-peaks observed for H5/H8 and H27C9-methyl indicate an s-trans 

conformation about the C8-C9 bond (Figure 3). The third key interaction defines the 

conformation o f the amide bond. A cross-peak was observed for H10 and the amide 

hydrogen (N-H), which indicates that the amide is trans.

H

2 J
(trans amide) C 02H

2
(cis amida)

Figure 3. Key interactions in the trans and cis amides.
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Results and Discussion

The results from the nuclear receptor transactivation assays are summarized in 

Figures 4-7. As shown, replacement of the tetraene chain with the amide functionality 

and benzoic acid terminus abolished RARa and RXRa activity, while RAR0 activity was 

unaffected. The decrease in RXRa activity may be due to the increased distance between 

the hydrophobic ring and the carboxyl terminus of the amide ligand when compared to 

the corresponding tetraenoic acid. However, as shown in Figure 6 , comparison of the 

benzoic acids 2-8 with the corresponding tetraenoic acids (1,23-28) (structures shown in 

Figure 8 ) showed that the introduction of the p-aminobenzoic acid amide resulted m in

creased RARy activation. This was especially true for amides 2 ,6 , and 8 . The enhanced 

RARy activation may be due to the interaction o f the amide proton with Met272 of the 

RARy ligand-binding pocket.

Ii i i  " i

Figure 4. RARa-receptor transcriptional activation (10’6 M).
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Figure 5. RARP-receptor transcriptional activation (10-6 M).

%
Retinoid

Figure 6. RARy-receptor transcriptional activation (10"6 M).

Retinoid

Figure 7. RXRa-receptor transcriptional activation (10*6 M).
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C 02H

1 ft—1; Ri-R2~R3-R4=H
23 n=l; Ri=R3=R4=H; R2=OCH3

24 n=l; R ^ R i ^ H ;  R3=OCH3

25 b fI; R1=R2=R3-H ; R4=OCH3

26 n=l; R2=R3=R4=H; Ri=CH3

27 n=l; R ^R ^H ; R2=R4=CH3

28 n=2 ; R ^ R ^ ^ H

Figure 8 . Previously synthesized (9Z)-UAB30 analogs.

In summary, these studies have revealed a new class of compounds with high se

lectivity for RARy receptors. RARy-selective retinoids have been used clinically for the 

treatment of proliferative skin diseases (Figure 9). Tazarotene, a RARp,y-selective acety- 

lenic retinoid, is used to treat psoriasis.20 Dififerin, also an RARy agonist, is used to treat 

acne vulgaris.21 Therefore, 2 and analogs may have similar utility in the treatment of 

skin disease.

COzEt

T u a ro te n t

COOH

DfflMn 
(Ad ■ adamantyt)

Figure 9. Receptor subtype selective retinoids used to treat proliferative skin disease.

Experimental Section

Biology. Each amide was evaluated for the efficiency of activating RARa, -p, 

and -y homodimers and RXRa homodimers using the chloramphenicol acetyhransferase
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(CAT) reporter gene containing thyroid hormone response element (TREpal) according 

to a method described by Zhang et al.22 Briefly, CV-1 cells were transiently transfected 

with a DNA plasmid as described previously by Husmann et al. 23 and Pfehl et al. , 24 with 

minor modifications as described by Alam et a l8b The DNA used in the transfection con

sisted of either RARa, RAR{3, or RARy and (TRE-paOrrt-CAT, P-galactosidase expres

sion plasmid pCHl 10, and carrier bluescript plasmid. The transfected cells were treated 

with ATRA or the test retinoid. After an incubation of 24 h, the resultant cell extracts 

were assayed for |3-galactosidase and CAT activity as described by Husmann et al.23 The 

CAT activity was normalized for transfection efficiency by the corresponding 0- 

galactosidase activity.

Chemistry. lH NMR spectra were obtained at 300.1 MHz on a Bruker spec

trometer in CDCI3 or DMSO-r/6. NOE experiments were obtained at 400.1 MHz (Bruker 

DRX spectrometer) using 2D phase-sensitive NOESY experiments with different mixing 

times (between 250 and 2000 ms). Typically, 1 s mixing times were used with 16 pulses 

for phase cycling and two dummy scans. The spectra were processed with line broaden

ing of 0.3 Hz in each dimension and zero-filled to yield 512 x 4096 2D contour plots.

The integrated intensities o f the negative cross-peaks were determined using standard 

Bruker NMR software features.

UV-Vis spectra were recorded on both an AVIV 14DS spectrophotometer and a 

Hewlett-Packard spectrophotometer in methanol or acetonitrile solutions (Fisher, spec- 

trograde). IR spectra were recorded using a Bomem FTIR spectrometer. TLC was per

formed on pre-coated 250 pm silica gel plates (Anahech, Inc.; 5x10 cm). Solvents and
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liquid starting materials were distilled prior to use. Reactions and purifications were 

conducted with deoxygenated solvents, under inert gas (N2) and subdued lighting. Melt

ing points were recorded on a MehTemp melting point apparatus and were uncorrected.

General Procedure for the Preparation of Amides 16-22. At -78 °C, under N2, 

hexachloroacetone (0.30 mL, 1.9 mmol) was added to a solution of acids (second manu

script) 9-15 (3.9 mmol) in anhydrous THF (15 mL) with stirring. A solution of triphenyl- 

phosphine (1.0 g, 3.9 mmol) in anhydrous THF (4 mL) was added dropwise over 10 min. 

The bright yellow reaction mixture was diluted with THF (4 mL), and methyl 4- 

aminobenzoate (0.60 g, 3.9 mmol) was added followed by the dropwise addition of a so

lution of anhydrous pyridine (1.9 mL, 23 mmol) in THF (4 mL). After 0.5 h, the reaction 

mixture was diluted with ether (200 mL) and extracted with 5% HC1 (200 mL). The 

ether layer was washed with saturated NaCl, dried (Na2S0 4), and concentrated in vacuo 

to yield an oily residue. The crude product was purified on a flash silica gel column (4.5 

x 45cm) using 30% ethyl acetate/hexanes to yield the amides 16-22.

Methyl 4-[(lZ 3£H -(3’,4’-dihydro-l’(2’H)-naphthalen-l’-ylidene)-3-methyl- 

but-2-enoylamino]-benzoate (16) 0.97g white solid (61%): mp 141-142 °C (MeOH/ 

ether); FTIR(KBr) 3339 (NH), 1697 (C=0), 1667 (C=0), 1605 (C=C) cm'1; MS m/e 362 

(MH*); UV-Vis (MeOH) W  296 nm (e=8312); lH NMR (DMSO-<fc): 610.18 (s, 1H), 

7.89 (d, 2H, J=8.37), 7.67 (d, 2H, J=8.56), 7.57 (m, 1H), 7.38 (s, 1H), 7.12-6.99 (m, 3H), 

3.71 (s, 3H), 2.63 (t, 2H, J=6.12), 2.48 (t, 2H, J=5.93), 2.03 (s, 3H), 1.63 (p, 2H, J=6.16); 

l3C NMR (DMSO-tfc): 8166.20,164.70,149.96,144.32,138.20,138.16,136.08,130.58,
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129.26,127.83,126.50, 124.83,123.90,123.47, 122.11, 118.67,29.98,28.46,25.33, 

23.23.

AnaL (C23H22NO3) calcd.: C 76.43% H 6.41% N 3.88%. Found C 76.14% H 6.41 

N 3.87%.

Methyl 4-[(lZ,3£>5,-Methoxy-4-(3,,4,-dihydro-l,(2,H)-naphthalen-l’- 

ylidene)-3-methyl-but-2-enoylainino]-beiizoate (17) 1.2 g (75%) white solid: mp 148- 

149 °C (MeOH/ether); FTIR(KBr) 3358 (NH), 1703 (C O ), 1677 (C=0) cm*1; UV-Vis 

(MeOH) W  298 ran (8=22666); MS m/e 392 (MH*); lH NMR (DMSO-</6) 510.28 (s, 

1H), 7.90 (d, 2H, J=8.75), 7.77 (d, 2H, J=8.78), 7.40 (s, 1H), 7.28 (d, 1H, J=7.95), 7.17 (t, 

IH, J=7.99), 6 .8 6  (d, 1H, J=7.94), 6.02 (s, IH), 2.63 (t, 2H, J=6.30), 2.50 (t, 2H, J=5.73), 

2.12 (s, 3H), 1.74 (p, 2H, J=6.20); 13C NMR (DMSO-4) 6167.05,164.96, 157.75, 

148.28,142.69, 142.22, 135.95, 131.23,127.48, 126.92, 125.49, 123.53,121.19, 118.86, 

116.81,109.87,55.83,52.36,28.22,26.11,23.69,23.18.

Anal. (C24H25NO4) calcd.: C 73.64% H 6.44% N 3.58%. Found C 73.39% H 

6.55% N 3.59%.

Methyl 4-[(lZ3£)-6’-Methoxy-4-(3’,4’-dihydro-r(2’H)-naphthalen-r- 

ylidene)-3-methyl-but-2-enoylamino]-benzoate (18). 1.2 g (75%) yellow solid: mp 

128-129 °C (EtOAc/hexanes); FTIR (KBr) 3336 (NH), 1708 (C O ), 1656 (C O ), 1607 

(C O ) cm l; MS m/e 392 (MH*); UV-Vis (MeOH) W  283 nm (8=25341); ‘H NMR 

(CDCI3) 88.30 (s, IH), 7.90 (d, 2H, J=8.94), 7.67 (d, IH, J=8.80), 7.42 (d, 2H, J=8.65), 

6.79 (dd, IH, J=2.60 & 6.21), 6.74 (s, IH), 6.65 (d, IH, J=2.45), 5.91 (s, IH), 3.83 (s,
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3H), 3.80 (s. 3H), 2.78 (t, 2H, J=6.19), 2.52 (t, 2H, J=5.82), 2.05(s, 3H), 1.88-1.76 (m, 

2H); l3C NMR (CDClj) 8167.06,165.06,160.10,148.58,142.78,141.50,140.34,131.25,

127.48, 126.12,125.45, 123.28,118.87, 118.81, 113.89, 113.46,55.69,52.36,30.89,

28.00.

Anal. (C24H25NO4) calcd.: C 73.64% H 6.44% N 3.58%. Found C 73.54% H 

6.53% N 3.60%.

Methyl 4-[(lZ3^)-7’-Methoxy-4-(3’,4,-dihydro-l,(2’H)-naphthalen-r- 

yiidene)-3-methyl-but-2-enoylanilno]-benzoate (19). 1.1 g (74%) yellow solid: mp 

128-129 °C (MeOH/ether); FTIR(KBr) 3351 (NH), 1703 (C=0), 1669 (C=0), 1600 

(C=C) cm*1; MS m/e 392 (MH*); UV-Vis (MeOH) X™ 291 nm (s=23574); lH NMR 

(CDClj): 88.22 (s, IH), 7.91 (d, 2H, J=8.69), 7.45 (d, 2H, J=8.70), 7.21 (d, IH, J=2.48), 

7.05 (d, IH, J=8.41), 6.85 (d, IH, J=2.53), 6.82 (d, IH, J=2.37), 5.94 (s, IH), 3.86 (s, 

2H), 3.83 (s, 3H), 2.74 (t, 2H, J=6.22), 2.52 (t, 2H, J=5.58), 2.08 (s, 3H), 1.80 (p, 2H, 

J=6.24); l3C NMR (CDCI3): 8167.02,164.84, 158.46,148.29,142.67,141.59,135.53,

131.24,130.81, 125.55, 123.56, 121.16, 118.83,115.31, 109.14, 55.81, 52.36,29.63, 

28.57,26.01,23.87.

Anal. (C2 4H25NO4) calcd.: C 73.64% H 6.44% N 3.58%. Found: C 73.43% H 

6.47% N 3.54%.

Methyl 4-[(lZ,3£)-4,-Methyl-4-{3’,4,-dihydro-l,(2’H)-naphthaIen-l’- 

ylidene)-3-methyl-but-2-enoylamino]-beiizoate (20). 0.93 g (60%) white solid: mp 

153-155 °C (MeOH/ether); FTIR(KBr) 3346 (NH), 1683 (C=0), 1632 (C=0), 1606
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(C=C) cm l; MS m/e 376 (MH*); UV-Vis (MeOH) Km* 292 nm (e=19228); lH NMR 

(DMSO-</6): 510.21 (s, IH), 7.81 (d, 2H, J=8.63), 7.69 (d, 2H, J=8.47), 7.57-7.54 (m, 

IH), 7.40 (s, 1H), 7.15-7.10 (m, 3H), 5.94 (s, 1H), 3.73 (s, 3H), 2.85-2.74 (m, 1H), 2.65- 

2.56 (m, 1H), 2.50-2.43 (m, IH), 1.83-1.72 (m, IH), 1.49-1.38 (m, IH), 1.14 (d, 3H, 

J=6.90); 13C NMR(DMSO-<4): 5166.20,164 72,149.96,144.32,142.98,138.60,135.79, 

130.58,128.06, 127.90, 126.46, 125.00,123.90, 123.56,122.12, 118.67,52.17,32.78, 

30.67,25.49,25.32,21.76.

Anal. (C24H25NO3) calcd.: C 76.77% H 6.49% N 3.73%. Found: C 76.49% H 

6 .6 8 % N 3.65%.

Methyl 4-[(lZ3^)-5’,7’-Dimethyl-4-(3’,4’-dihydro-r(2’H)-naphthalen-r- 

ylidene)-3-methyl-but-2-enoylamlno]-b€nzoate (21). 1.2 g(80%) white solid: mp ISO- 

181 °C (MeOH/ether); FTIR(KBt) 3334 (NH), 1685 (C=0), 1630 (C=0), 1597 (C=C) 

cm*1; MS m/e 390 (MH+); lH NMR (DMSO-<4): 510.25 (s, IH), 7.86 (d, 2H, J=8.74),

7.74 (d, 2H, J=8.77), 7.27 (s, IH), 7.21 (s, IH), 6.90 (s, IH), 6.00 (s, IH), 2.58 (t, 2H, 

J=6.22), 2.47-2.43 (m, 2H), 2.25 (s, 3H), 2.14 (s, 3H), 2.10 (s, 3H), 1.75 (p, 2H, J=6.19); 

l3C NMR (DMSO-*4): 5166.20, 164.67,149.97,144.35,139.17,136.12, 136.08,134.38,

133.27, 130.57, 130.35, 123.86,123.26, 123.05, 121.93, 118.65,52.18,28.06,26.35,

25.47,23.35,21.15,19.62.

Anal (C2 5H27NO3) calcd.: C 77.09% H 6.99% N 3.60%. Found C 76.79% H 

7.01% N 3.27%.
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Methyl 4-[(lZ,3£)-4-(6,,7’,8 \9 ’-Tetrahydro-benzocyclohepten-5’-ylidene)-3- 

methy l-but-2-enoy lamino]-benzoate (22) 0.99 g (64%) white solid: mp 153-154 °C 

(EtOAc/hexanes); FTIR (KBr) 3339 (NH), 1699 (C=0), 1669 (C O ), 1604 (C=C) cm’1; 

MS m/e 376 (MH*); UV-Vis (MeOH) W  299 nm (e=24656); lH NMR (DMSO-d6): 

810.28 (s, IH), 7.90 (d, 2H, J=8.82), 7.76 (d, 2H, J=8.80), 7.31-7.28 (m, IH), 7.22-7.09 

(m, 3H), 6.90 (s, IH), 6.00 (s, IH), 2.70 (broad s, 2H), 2.43 (broad s, 2H), 2.17 (s, 3H),

1.67 (broad s, 4H); 13C NMR (DMSO -</«): 8166.21,164.66, 149.77,145.54, 145.34,

144.28, 139.66, 130.61, 129.00, 128.64, 128.03, 127.48, 126.65, 123.95, 122.04, 118.69,

34.75,31.05,28.60,21.11,25.34.

Anal (C24H25NO3) calcd.: C 76.77% H 6.71% N 3.73%. Found: C 76.77% H 

6.85% N 3.65%.

General Procedure for Ester Hydrolysis. The amide (16-22, 1.55 mmol) was 

dissolved in HPLC grade methanol (67 mL) followed by the addition of an aqueous solu

tion of KOH (0.8 M, 23 mL). The reaction mixture was heated (60 °C) for 2 h after 

which the hot solution was allowed to cool to room temperature. The flask was cooled to 

10 °C in an ice bath and acidified with 5% HC1 (pH 1-2). The mixture was then filtered, 

and the filtered solid was dissolved in ether, dried (Na2S0 4 ), and concentrated in vacuo. 

The residue was recrystallized to give the acid (2,4-9).

4-[(lZ^£)-4-(3’,4’-dihydro-l’(2’H)-naphthalcn-r-ylidene)-3-methyl-but-2- 

enoylamino]-benzoic acid (2). 0.46 g (85%) white solid: mp 145-146 °C 

(ether/hexanes); FTIR (KBr) 3463 (OH), 1670 (C=0), 1592 (C=C) cm'1; MS m/e 347
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(\ttT ); UV-Vis (MeOH) J w  298 nm (£=22666); lH NMR (DMSO-40 812.65 (s, IH), 

10.24 (s, IH), 7.86 (d, 2H, J=8.69), 7.73 (d, 2H, J=8.69), 7.68-7.64 (in, IH), 7.47 (s, IH), 

7.23-7.10 (m, 4H), 6.01 (s, IH), 2.74 (t, 2H, J=6.13), 2.59 (t, 2H, J=5.58), 2.50 (t, 3H, 

J=1.64), 2.13 (s, 3H), 1.74 (p, 2H, J=6.21) I3C NMR (DMSO-d6) 8138.31, 138.24,

136.20,130.69,129.37,127.94,126.62, 124.93,124.04,123.58,122.22, 118.80,30.08,

28.54,25.43,23.34.

Anal. (C22H21NO3 O.2 5  H20 ) calcd.: C 75.09% H 6.16% N 3.98%. Found: C 

75.14% H 6.33% N 3.89%.

4-[(lZ,3£)-5’-Methoxy-4-(3\4,-dihydro-l’(2,H)-naphthaleii-l,-ylidene)-3- 

methyl-but-2-enoylamino]-beiizoic acid (3). 0.43 g (75%) yellow solid: mp 150-151 

°C (ether/hexanes); FTIR (KBr) 1679 (C=0), 1591 (C=C) cm*1; MS m/e 378 (MH*); UV- 

Vis (MeOH) 298 nm (£=22781); lH NMR (DMSO-</6) 512.65 (s, IH), 10.23 (s, IH),

7.86 (d, 2H, J=8.64), 7.72 (d, 2H, J=8.64), 7.39 (s, IH), 7.27 (d, IH, J=8.12), 7.17 (t, IH, 

J=7.99), 6.87 (d, IH, J=7.97), 6.02 (s, IH), 3.78 (s, 3H), 3.34 (s, 2H), 2.63 (t, 2H, 

J=6.29), 2.47-2.50 (m, 3H), 2.12 (s, 3H), 1.73 (p, 2H, J=6.21); l3C NMR (DMSO-</6):

8167.30, 164.64,157.02,149.63,143.94,138.38,137.17,130.71,126.63,126.23,125.09, 

123.68, 122.21, 118.57, 117.10, 109.42,55.70,27.96,25.37,23.27,22.78.

Anal. (C2 3H23NO4) calcd.: C 73.19% H 6.14% N 3.71%. Found: C 72.77% H 

6.07% N 3.63%.

4- [(lZ,3£)-6’ -Methoxy-4-(3\4’ -Dihydro-1 ’ (2 ’H)-naphthalen-l ’ -y lidene)-3- 

methyl-but-2-enoylamino]-benzoic acid (4). 0.48 g (82%) yellow solid: mp 184-186
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°C (ether/hexanes); FTIR (KBr) 3325.9 (NH), 1695 (C=0), 1643 (C O ), 1586 (C O ) cm* 

l; MS m/e 378 (MHT); UV-Vis (MeOH) W  340 nm (e=20121); lH NMR (DMS0-<4)

812.67 (s, IH), 10.22 (s, IH), 7.87 (d, 2H, J=8.54), 7.74 (d, 2H, J=8.54), 7.61 (d, IH, 

J=8.81), 7.50 (s, IH), 6.81 (dd, IH, J=2.40 & 6.32), 6.69 (d, IH, J=2.27), 5.96 (s, IH),

3.75 (s, 3H), 2.72 (t, 2H, J=6.01), 2.60 (t, 2H, J=5.69), 2.14 (s, 3H), 1.73 (p, 2H, J=5.99); 

l3C NMR (DMS0-d6) 8167.32, 164.83,159.11,149.98, 144.01, 139.95,138.55, 130.70,

128.81, 126.38, 125.04,121.59, 121.32, 118.54, 113.37,113.25,30.33,28.69,25.52,

23.25.

Anal. (C2 3H23NO4 ) calcd. C 73.19% H 6.14% N 3.71%. Found C 72.92% H 

6.15% N 3.67%.

4-[(lZ3^)-7’-Methoxy-4-(3’,4*-dihydro-l’(2,H)-naphthaleii-r-yKdene)-3- 

methyl-but-2-enoylamino]-benzoic acid (5). 0.43 g (74%) yellow solid: mp 189-190 

°C (ether/hexanes); FTIR (KBr) 3328 (NH), 1689 (C O ), 1596 (C O ) cm*1; UV-Vis 

(MeOH) W 2 9 8  nm(e=20691); lH NMR (DMSO-</6) 812.67 (s, IH), 10.25 (s, IH),

7.86 (d, 2H, J=8.73), 7.73 (d, 2H, J=8.75), 7.40 (s, IH), 7.17 (d, IH, J=2.54), 7.05 (d, IH, 

J=8.39), 6.82 (dd, IH, J=2.52 & 5.83), 3.76 (s, 3H), 2.67 (t, 2H,J=6.11), 2.56-2.50 (m, 

3H), 2.12 (s, 3H), 1.72 (p, 2H, J=6.16); l3C NMR (DMSO-<4) 8167.30, 164.64,157.03,

149.63, 143.94, 138.38, 137.16, 130.70,126.64, 126.23,125.09,123.68, 122.21, 118.56, 

117.11, 109.43,27.96,25.38,23.27,22.78.

Anal. (C2 3H2 3NO4 ) calcd. C 73.19% H 6.14% N 3.71%. Found: C 72.80% H 

6.13% N 3.66%.
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4-[(lZ,3E)-4,-Methyl-4-(3’,4’-dihydro-r(2’H)-naphthalen-r-ylidene)-3- 

methyl-but-2-enoylaniino]>benzoic acid. (6). 0.47 g (85%) pale yellow solid: mp 151- 

152 °C (acetone/hexanes); UV-Vis (MeOH) A«*x291 nm (e=18364); FTIR (KBr) (NH) 

1685 (C=0), 1657 (C=0), 1596 (C=C) cm’1; MS m/e 362 (MH*); lH NMR (DMSO-<&) 

812.83 (s, 1H), 10.40 (s, IH), 8.02 (d, 2H, J=8.71), 7.88 (d, 2H, J=8.75), 7.79-7.76 (m, 

IH), 7.62 (s, IH), 7.37-7.32 (m, 3H), 6.16 (s, IH), 3.07-2.97 (m, IH), 2.87-2.80 (m, IH), 

2.78-2.65 (m, IH), 2.29 (s, 3H), 2.07-1.95 (m, IH), 1.71-1.61 (m, IH), 1.36 (d, 3H, 

J=6.96); l3C NMR (DMSO-</6): 5167.32,164.70, 149.79, 143.96,142.98,138.55, 135.80, 

130.71,128.06,127.91, 126.47,125.10,125.00, 123.60,122.21,118.57,32.79,30.67, 

25.49,25.33,21.79.

Anal. (C23H23NO3 O.2 5  H20 )  calcd.: C 75.49% H 6.47% N 3.82%. Found C 

75.16% H 6.35% N 3.74%.

4-[(lZ^£)-5,,7’-Dimethyl-4-(3’,4’-dihydro-r(2,H)-naphthalen-l’-ylidene)-3- 

methyl-but-2-enoylaminol-benzoic acid (7). 0.51 g (88%) white solid: mpl80-181 °C 

(acetone/hexanes); FTIR (KBr) 3311 (NH), 1687(C=0), 1656 (C=0), 1607 (C=C) cm*1; 

MS m/e 376 (MH*); UV-Vis (MeOH) W  293 nm (e=18372); lH NMR (DMSO-</6): 

810.21 (s, IH), 7.85 (d, IH, J=8.75), 7.72 (d, IH, J=8.79), 7.24 (d, IH, J=17.21), 6.89 (s, 

IH), 6.01 (s, IH), 2.57 (t, 2H, J=6.23), 2.46-2.42 (m, 2H), 2.24 (s, 3H), 2.13 (s, 3H), 2.09 

(s, 3H), 81.82-1.71 (m, 2H); 13C NMR (DMSO-rf6): 8167.30,164.63, 149.77,145.46, 

143.96,139.14, 136.11,136.10, 134.37, 133.26, 130.68, 130.33,125.07, 123.25, 123.06,

122.00, 118.54,28.05,25.35,25.45,23.35,21.14,19.62, 19.03.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



199

Anal. (C24H2sN 0j-H20 ) calcd.: C 73.26% H 6.92% N 3.56%. Found: C 72.96% 

H 7.07% N 3.47%.

4-[(lZ ,3£)-4-(6\7\8\9’-Tetrahydro-beiuocyclohepten-5,-ylidene)-3-methyl- 

but-2-enoylamino]-benzoic acid (8). 0.41 g (73%) white solid: mp 170-172 °C (ace

tone/hexanes); FTIR (KBr) 3238 (NH), 1683 (C=0), 1662 (C=0), 1604 (C=C) cm’1; MS 

m/e 376 (MH*); UV-Vis: (MeOH) 298 nm (s=22765); lH NMR (DMSO-^): 812.69 

(s, IH), 10.27 (s, IH), 7.90 (d, 2H, J=8.63), 7.76 (d, 2H, J=8.68), 7.30 (d, IH, J=6.86), 

7.22-7.11 (m, 3H), 6.91 (s, IH), 6.01 (s, IH), 2.71 (s, 2H), 2.44 (s, 2H), 2.18 (s, 3H), 1.69 

(s, 4H); 13CNMR(DMSO-</6): 8167.32, 164.64, 149.62, 145.46,145.36, 145.90, 139.69, 

130.74, 129.03, 128.67,128.04, 127.51,126.68,125,15,122.11,118.60, 34.76,31.06,

28.62,27.12,23.35.

Anal. (C2 3H23NO3 O.2 5  H2 0 )  calcd.: C 75.49% H 6.47% N 3.83%. Found C 

75.66% H 6.55% N 3.62%.
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UNPUBLISHED DATA 

Synthesis of Derivatives of (a//-£)-UAB30

The naturally occurring retinoids (ATRA, 9-cis RA, and \3-cis RA) have been 

used to treat disease, 137 but their clinical use is hampered by toxicity138 and teratogenic

ity. 139 However, receptor-selective retinoids have been utilized in the treatment of dis

eases with limited side effects. For example, Kikuchi et al. reported the design and syn

thesis of potent RARa agonists (Figure 1), which exhibit immunosuppressive effects, es

pecially m the inhibition o f antibody production. 104 The RARa agonist ER-38925 (Fig

ure 1) and similar derivatives are currently being evaluated for immunosuppressive activ

ity, pharmacokinetics, and safety to select a clinical candidate suitable for use as an im

munosuppressive agent. An acetyienic RARp,y selective agonist (Tazarotene, Figure 1) 

with no affinity for the RARa or the RXRa receptors is currently used to treat psoria

sis. 108,109 The RARy agonist Differm (also called Adapalene, Figure 1) has been used in 

the treatment of acne vulgaris}13 The RXR agonist LGDI069 (Targretin, also called 

Bexarotene, Figure I) is currently used to treat T-cell lymphoma160 and has also shown 

promise as a mammary  cancer chemopreventive agent. 138,139 Therefore, we sought to ex

plore the requirements for RXR-selectivity for (9Z)-UAB30 ( l ) . 143

Even though the focus of this research project was the synthesis of derivatives of 

(9Z)-UAB30, some of the analogs of (a//-£)-UAB30 were also synthesized. The detailed 

synthetic procedure is the same described in the first manuscript. In the synthesis of

204
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(9Z)-UAB30 (Scheme 1), the oxidation o f the alcohol resulted hi two isomers [(9Z)- and 

{all-E)], which were separable by flash column chromatography. For the synthesis of 

(9Z)-UAB30, the (9Z)-aldehyde was carried forward to the Horner Emmons reaction. 

Depending on the amount of {all- £)-aldehydes available, the (a//-£)-esters (14*19) were 

also synthesized. As shown m Scheme 1, additional (a//-£)-aldehyde (13) could be ob

tained by the isomerization of the (9Z)-aldehyde (11) in the presence of I2 in ether. Un

fortunately, the extent of isomerization was only about 10%, and it was difficult to re

move all of the iodine horn the reaction mixture, which was often present even after the 

column chromatography separation, thus causing further isomerization and decomposi

tion of each isomer. Only two (a//-£)-UAB30 esters (14-19) were obtained in sufficient

C 0 2Et

ER-38925 
RARi agonist

Tazarotene 
RARb^ agonist

COOH

CO2H

Differin 
(Ad-adamantyl) 

RARg agonist

Targretin 
RXR agonist

(9Z>UAB30 
RXR agonist

Figure 1. Receptor-selective retinoids.
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Scheme 1. Synthetic Strategy for (9Z)- and (o//-£)-UAB3(f
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a-c

8  9
(100% 9Z)

CHO

(95:5 9Z:9E)

CHO

a (a) Zn/HCl; (b) ethyl 4-bromo-3-methyl-2-butenoate, 1,4 dioxane, reflux; (c) HC1 
work-up; (d) LiAlH*, ether, 0 °C; (e) Mn0 2 , molecular sieves, CH2CI2, 0 °C; (f) I2, ether, 
0 °C; (g) NaH, TEPS, DMPU, THF, 0 °C; (h) 0.8 N KOH, MeOH, reflux.
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Scheme 1 (Continued)

13 R1-R 2-R 3-R 4-H
14 R2=OCH3; Ri=R3=R4=H
15 R3=OCH3; R!=R2=R4=H
16 R4=OCH3; R,=R2=R3=H
17 R,=CH3;R 2=R3=R,=H
18 R!=R2=CH3; R3=R»=H

2 R1=R2=R3=R4=H («//-£)-UAB30
3 R2=OCH3; R t=R3=R4=H 
4 R 3=OCH3;R ,=R 2=R4=H 
5R 4=OCH3;R l=R2=R3=H
6  R,=CH3; R2=R3=R4=H
7 R,=R2=CH3; R3=R,=H

quantities to cany the synthesis forward to the final acids (2-7). These acids were 

screened for retinoidal activity. The 7’-methoxy derivative 5 was screened for nuclear 

receptor binding and exhibited potent RAR binding (Table 1). The 5 \7 ’-dimethyl deriva

tive 7 was screened for activation of RARo, p, y, and RXRa and possessed RAR pan

agonist activity with slightly higher RARy activity (Figure 2). Because of the limited 

amount of the available esters (14-19) and acids (5 and 7), full characterization of each 

analog was not accomplished.

C 02Et

,c o 2h
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Table 1. Nuclear Receptor Binding Profile for Retinoid 5

retinoid RARa

IC30 (nM) 

RARp RARy RXRa

ATRA 6 “ 5a 4“ >2 0 0 0 *

(a//-£)-UAB30 35“ 49“ 55“ >2 0 0 0 “

S
0 A ____ !__ 1__

52 56
T T H ?------  '

48 > 2 0 0 0

Experimental Section

General Procedure for the Olefination of Individual Aldehyde Isomers. In a

dry round-bottom flask flushed with N2 (g), NaH (60% dispersion in mineral ofl) (0.10 g, 

3.0 mmol) was washed with hexanes three times to eliminate the mineral o il At 0 °C, 

the NaH was suspended in anhydrous tetrahydrofuran (THF) (1  mL), and freshly distilled 

triethyi phosphonosenecioate (0.70 mL, 2.8 mmol) was added followed by distilled 1,3- 

Dimethyl-3,4,5,6-tetrahydro-2(l/f)-pyrimidinone (DMPU) (0.10 mL, 0.020 mmol) and 

stirred for 20 min. To this mixture was added (all-E)- aldehyde 12 (2.4 mmol) in THF (4 

mL), and the reaction proceeded for 30 min. The reaction was quenched with methanol 

(2-3 mL), and the reaction mixture was diluted with ether (lOOmL). The ether layer was 

washed with saturated NaHC0 3  (100 mL) followed by brine (100 mL). The product was 

dried (Na2SO«) and concentrated in vacuo to yield the ester as a mixture of two geometri

cal isomers [3:1 (all-E): (13Z)]. Separation of the (all-E)- and (13Z)-isomers was at

tempted via flash chromatography (5% ether/hexanes). The isomers coukl not be com

pletely separated, thus flash chromatography could only enrich the ester in (all-E) com

position.
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~  2 5  i

f »  -  |
S 15 - ■  I  I110-6M
I  10 I  ■  I  P10-7M

L  fc B  L
RARa RARb RARg RXRa

Recaptor Subtype

Figure 2. Transcriptional activation for retinoid 7.

(2£,4£,6£,8£>Ethyl 8-(5’-Methoxy-3’,4’-dihydro-r(2,H)-naphthakn-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoate (14). Yellow oil (42%); FTIR (neat) 1707 

(C=0), 1600 (C=C) cm'1; lHNMR(CDCl3): 87.79 (d, IH, J=15.33), 7.20 (dd, IH, 

J=8.02 & 10.08), 6.94 (dd, IH J=3.54 & 11.46), 6.74 (d, IH, J=7.81), 6.52 (s, IH), 6.30 

(d, IH, J=ll.37), 5.65 (s, IH), 4.20-4.14 (m, 2H), 3.82 (s, 3H), 2.76-2.69 (m, 4H), 2.09 

(s, 3H), 2.06 (s, 3H), 1.82-1.78 (m, 2H), 1.31-1.25 (m, 3H); I3C NMR(CDC13): 8167.64, 

157.46,153.14,139.67,138.67, 138.43, 135.51, 131.27, 130.30,128.74, 128.21, 127.16, 

126.49,119.07,117.17,60.08,55.81,28.60,23.75,23.66,18.75, 14.77,14.23.

(2£’,4£,6£',8£)-Ethyl8-(6’Methoiy-3,,4’-dihydn>-r(2,H)-naphthakn-r- 

ylidene)-3,7-diinethyl-2,4,6-octatrienoate (16). ‘H NMR (CDC13): 87.50-7.47 (m, IH), 

7.09-6.99 (m, 3H), 2.47 (dd, IH, 1=11.39), 6.42 (s, IH), 6.20 (d, IH, J=15.21), 6.14 (d, 

IH, J=11.51), 5.77 (s, IH), (q, 2H, J=7.10), 2.71 (t, 2H, J=6.28), 2.28 (s, 3H), 1.98 (s, 

3H), 1.75 (p, 2H, J=6.23), 1.20 (t, 3H, J=7.11); l3CNMR(CDCl3): 8166.14, 151.65,
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138.21,137.05,136.42, 135.52,134.13,129.80,129.04, 127.91,126.69, 126.27,125.07,

123.29, 117.67,58.61,29.19,27.72,22.66,17.31, 13.33, 12.79.

(2£,4£,6£,8£>Ethyl8-(4’Methyl-3,,4’-dihydro-r(2,H)-naphthalen-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoate (17). 0.51 g (70%) yellow oil; MS m/e 337

(MH4); FTIR(neat) 1708 (C=0), 1603 (C=C) cm4; UV-Vis (MeOH) W  272 ran 

(8  =14199); JW  333 mn (e =13394); lH NMR (CDC13): 87.54 (d, IH, J=6 .8 6 ), 7.23-7.16 

(m, 3H), 6.96 (dd, IH, J=11.42 & 3.51), 6.48 (s, IH), 6.32-6.23 (m, IH), 5.79 (s, IH), 

4.21-4.13 (m, 2H), 2.97-2.70 (m, 4H), 2.37 (s, 3H), 2.17 (s, 3H), 2.08 (s, 3H), 1.99-1.93 

(m, IH), 1.66-1.56 (m, IH), 1.31-1.23 (m, 3H); ,3C NMR(CDC13) 5167.61,153.11, 

143.35,139.74,138.25,135.59,131.28,130.50,128.39,127.90, 126.50, 124.96, 119.11,

60.07, 33.45,31.57,26.33,21.86,18.76, 14.78,14.25.

Anal. (C23H28O2 -0.5 H20) calcd.: C 76.42% H 8.09%. Found: 76.83% H 7.83%.

(2£,4£,6£,8£)-Ethyl8-(5,,7’-Diniethyl-3,,4,-dihydro-r(2’H)-naphthalen-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoate (18). 0.67 g (93%) yellow oil; FTIR (neat) 

1711 (C=0), 1604 (C=C) cm4; MS m/e 351 (MH4); UV-Vis (MeOH) 359 nm 

(8=22693); lH NMR (CDC13): 87.24 (s, IH), 7.00-6.86 (m, 2H), 6.47 (s, IH), 6.28 (d, IH, 

J=15.11), 6.20 (d, IH, J=11.43), 5.78 (s, IH), 4.21-4.09 (m, 2H), 2.72-2.64 (m, 2H), 2.37 

(s, 3H), 2.30 (s, 3H), 2.21 (s, 3H), 2.10-2.05 (m, 5H), 1.92-1.82 (m, 2H); I3C NMR 

(CDC13): 8167.67, 153.20, 139.90, 139.22, 137.10, 136.60, 135.34, 135.25,133.73,

131.35, 130.55,130.09,127.76, 123.37, 118.97,60.08,28.62,27.00,24.37,21.51,20.06,

18.77,14.77,14.25.
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Anal. (C24H30O2 0.5 H20 ) calcd.: C 80.18% H 8.69%. Found C 79.91% H

8.63%.

(2£>,4E,6£,8£)-Ethyl8K7,*Methoqr-3*,4,*dihydi'o-l,(2,H)>naphthaleii-r- 

ylidene)-3,7-dimethyl-2,4,6-octatrienoic Acid (5). (77%) yellow solid: mp 203-204 °C 

(EtOAc/hexanes); lH NMR (CDCI3): 87.60-7.56 (m, IH), 7.23-7.06 (m, 4H), 7.01-6.97 

(m, IH), 6.52 (s, 1H), 6.33 (d, 1H, J=15.06), 6.25 (d, IH, J=11.32), 5.82 (s, IH), 2.83-

2.76 (m, 4H), 2.39 (s, 3H), 2.09 (s, 3H), 1.85 (p, 2H, J=6.29); ,3C NMR (CDCI3): 8162.5,

140.07, 138.17,137.81,136.51, 134.87, 131.80, 129.91,128.97,127.66,127.39,126.13,

124.36, 117.53, 30.20,28.78,23.68, 18.43, 14.05.

(2£,4£,6£,8£)-Ethy 18-(5’ 7’-Dimethyl-3’ ,4’ -dihydro-1 ’ (2’ H)-naphthalen-l’ - 

ylidene)-3,7-dimethyl-2,4,6-octatrienoic Acid (7). (87%) yellow solid: mp 195-199 °C 

(ether/hexanes); FTIR (KBr) 1677 (C=0), 1574 (C=C) cm’1; MS m/e 323 (MH*); UV- 

Vis (MeOH) W  367 nm(e=31434); *H NMR (CDClj): 87.01 (dd, IH, J=ll.48 & 3.47),

6.87 (s, IH), 6.57 (s, IH), 6.32 (d, IH, J=15.04), 6.21 (d, IH, J=11.25), 5.81 (s, IH), 

2.77-2.64 (m, 4H), 2.38 (s, 3H), 2.30 (s, 3H), 2.21 (s, 3H), 2.08 (s, 3H), 1.91-1.83 (m, 

2H); l3C NMR (CDCb): 8172.66,155.81, 140.70,139.56, 136.63, 135.28,135.07,

133.78,132.30, 130.62,129.98, 127.68, 123.39,118.00,28.65,27.00,24.36,21.52,

20.07,18.85,14.48.

A Ring-Contracted Analog of (9Z)-UAB30

Previously reported results from nuclear receptor binding and transcription assays 

indicated that the conformationally restricted 6 -s-trans retinoid (9Z)-UAB30 (1) was
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c o 2h
20 c o 2h

Figure 3. RXR-selective (9Z)-UAB301 and the ring-altered analogs 19 and 20.

RXR-selective (Figure 3).143 Because the crystal structure of holo-RXR was not avail

able until very recently,149 design of RXR-specific ligands followed empirical observa

tions made by us143'144 and other groups.134'137,141’161

The first synthetic retinoid that activated both RARs and RXRs was 3-methyl 

TTNPB, which is a derivative of TTNPB and a potent RAR pan-agonist. The only dif

ference between the two structures was the presence of a methyl group at the 3-position, 

which allowed for binding of RXRs as well as RARs. Molecular modeling showed that 

the steric repulsion between the 3-methyl and the vinyl hydrogen of the linker resulted in 

a more bent conformation, which was associated with enhanced RXR binding. Reported 

here is a study in which the six-membered ring of the dihydronaphthalene moiety in (9Z)- 

UAB30 was altered to a five-membered ring in order to explore the effect of the Vs.6,7,* 

torsion angle on RXR-selectivity (Figure 3). The ring-contracted analog was a member 

of a homologous series of compounds, which included (9Z)-UAB30 (1) and a ring- 

expanded analog (20) (Manuscript III). This smaller ring should restrict the range of ac

cessible torsion angles, which may alter the RXR activity. However, because the synthe

sis of 19 proved problematic, the ring-contracted analog 19 was neither synthesized nor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



213

tested for retinoid receptor binding and transactivation. The various approaches used in 

the attempted synthesis of 19 are presented here.

As shown in Scheme 2, a previously reported synthesis was used as the first ap

proach to prepare the ring-contracted analog 19 (second manuscript) . 143 The Reformat- 

sky reaction using 1-indanone yielded the acid m very poor yield (10%). The problem 

was not that the 1-indanone was unreactive, because, by TLC, the spot corresponding to 

the 1-indanone disappeared. An explanation for the poor yield may be attributed to the 

instability of the y-lactone intermediate. Because the Reformatsky reaction proceeds 

through a y-lactone intermediate, the five-membered ring spiro lactone may have pos

sessed a significant amount of ring strain. This explanation for the poor yielding Refor

matsky reaction is supported by TLC evidence. Although some acid was obtained, for

mation o f the y-lactone intermediate was not observed by TLC. Therefore, the y-lactone 

was most likely not very stable and decomposed. Decomposition was indicated by the 

presence of a baseline spot on TLC. This spot was not the hydroxyl ester because the 

corresponding spot for other analogs typically was not a baseline spot. Further, the acid 

was obtained as a crude oil that was purified by column chromatography unlike the acid 

of (9Z)-UAB30, which following work-up was obtained as a solid. The remainder of the 

mass stuck to the column and attempts to elute the material with polar solvents, such as 

ethyl acetate and methanol, were unsuccessful.

The reduction of 22 with lithium aluminum hydride proceeded smoothly to yield 

the very stable alcohol 23 (8 6 %, 9:19Z/9E). Oxidation o f the alcohol to the aldehyde 

with Mn0 2 , however, was problematic. Following the reaction by TLC showed the
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c o 2h

d

c h2o h

e

21 22 23

25 c o 2h24 C 0 2Et

a (a) Zn/ HC1; (b) ethyl 4-bromo-3-methyl-2-butenoate, 1,4-dioxane, reflux; (c) 5% 
HC1; (d) LiAIKt, ether, -78 °C; (e) MnOa, sieves, CH2C12, 0 °C; (f) NaH, TEPS, THF, - 
78 °C; (g) 0.8 N KOH, methanol, 60 °C.

formation of a major new spot with an Rf value consistent with the aldehyde. Repeated 

washing o f the filtered solid (Mn02 and molecular sieves) with a large volume of solvent 

was necessary in order to maxmriTe yield. However, the aldehyde was so unstable that it 

could not be isolated before it decomposed.

Different approaches were attempted to avoid the aldehyde. The first approach 

was to change the direction o f the olefination reaction.4 As shown in Scheme 3, one ap

proach in synthesizing 19 was to first form the Homer-Emmons reagent 28 from the al

cohol and react it with commercially available methyl-3-oxo-crotonate. This was the re

verse of the Homer-Emmons reaction employed in the past. The alcohol 23 was con

verted to the bromide 27 successfully, but it was not possible to form the phosphonate
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23

c h 2o h

a

d

25 C 0 2Et 19
c o 2h

a (a) Br2, CCL»; (b) triethylphosphite 80 °C; (c) NaH, THF, DMPU, methyl-4- 
oxocrotonate; (d) 0.8 N KOH, MeOH, 60 °C.

ester 28. The reaction progress of 27 with triethylphosphite at 80 °C was monitored by 

mass spectrometry, but no product had formed after 12 h. Therefore, this approach was 

abandoned.

Another approach utilized the Wittig reaction of the triphenylphosphine adduct of 

the alcohol with methyl-3-oxocrotonate (Scheme 4). Even though the triphenylphosphine 

ylide should favor cis double bonds, this approach was attempted with the expectation 

that a mixture o f cis and tram isomers would result. The triphenylphosphine ylide of 29 

was easily formed upon treatment with PB^/ PPhj followed by deprotonation with NaH. 

Following the addition of the methyl-3 -oxocrotonate, the ester product was obtained. 

Unfortunately, NMR analysis showed that the resulting ester was the I l-cis isomer 31 

and not a mixture as anticipated (30 and 31).
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Scheme 4. Synthetic Strategy for the Preparation of 19 Using the Whtig Reaction0

CH jO H

b

30

c o 2h19

0 (a) PBr3, PPhj; (b) NaH, methyl 3-oxocrotonate, THF, 0 °C; (c) 0.8 N KOH, metha
nol, 60 °C.

Very recently, Wei and Taylor reported an in situ MnCh oxidation/Wittig reaction 

that produced the ester without isolating the aldehyde. 162 This procedure was attempted, 

but, instead o f using the Wittig reaction, the Homer-Emmons reaction was used to 

olefinate the aldehyde. The procedure required long reaction tunes at room temperature, 

but because o f the potential for isomerization of the double bonds o f the aldehyde, this
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reaction had to be performed in the cold room (4 °C). The reaction did not proceed past 

the formation of the aldehyde and was abandoned.

Common structural features are often found in receptor-selective retinoids. For 

example, substitution of the dienoic acid terminus of ATRA with a benzoic acid terminus 

resulted m the potent RAR pan-agonist TTNPB (Figure 4) .82 Kagechika et al. altered the 

structure of TTNPB by inserting an amide linkage in place of the propenyl linker to yield 

Am80, which is a RARa-selective agonist.93 Similarly, Targretin, an RXR-selective reti

noid, is also a derivative of TTNPB. ' 63 In this case, replacement of the propenyl linker 

with a methylene linker resulted in a central “cis-oid” geometry and RXR selectivity.

Thus, retinoid receptor selectivity may be modified in compounds possessing a benzoic 

acid terminus.

c o 2h

TTNPB AmM

COiH

Targretin

Figure 4. Structures of TTNPB, Am80 and Targretin.

A Ring-Contracted Amide Analog of (9Z)-UAB30

As discussed previously (fourth manuscript), we sought to explore the effect of 

replacing the dienoic acid terminus o f (9Z)-UAB30 with an amide-linked benzoic acid
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terminus as in compound 32. In addition, if the receptor subtype selectivity and potency 

for these agents were maintained or enhanced, the synthesis of the amide derivative 

would make these compounds attractive because it is much simpler and higher yielding 

than the synthesis of (9Z)-UAB30.143 Also targeted were the p-aminobenzoic acid am

ides of substituted (9Z)-UAB30 analogs, including the amide of the ring-contracted ana

log of (9Z)-UAB30 (33) (Figure 5, Scheme 5). Because o f the limited amount o f starting 

material available, this ring-contracted amide (33) was not synthesized or screened for 

retinoid receptor binding. However, the ester intermediate (34) was synthesized, as de

scribed previously (fourth manuscript), and partially characterized.

Figure 5. Structures of the (9Z)-UAB30 amide (32) and the ring-contracted amide (33).

Experimental Section

Chemistry. 'H NMR spectra were obtained at 300.1 MHz on a Broker spec

trometer in CDCI3 or DMSO-<&. UV-Vis spectra were recorded on both an AVIV 14DS 

spectrophotometer and a Hewlett-Packard spectrophotometer in methanolic solution 

(Fisher, spectrograde). IR spectra were recorded using a Bomem FTIR spectrometer. 

TLC was performed on precoated 250 pm silica gel plates (Analtech, Inc.; 5x10 cm).

CO2H
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Scheme 5. Synthetic Scheme for the Preparation o f the Amide 33a

22

6 ^ , ,
34

c o 2c h 3

“ (a) hexachloroacetone, PPI13, THF, -78 °C; b) methyl 4-aminobenzoate -78 °C; c) 
pyridine, -78 °C; (g) 0.8 N KOH, methanol, 60 °C.

Solvents and liquid starting materials were distilled prior to use. Reactions and purifica

tions were conducted with deoxygenated solvents, under inert gas (N2) and subdued 

lighting. Melting points were recorded on a MeltTemp melting point apparatus and are 

uncorrected.

(2Z,4£)-4-(Indan-r-yIidene)-3-methyl-2-butenoic Acid (22). 0.73 g (10%) 

white solid: mp 168-170 °C (ether/hexanes); FTIR (KBr) 1667 (C=0), 1613 (C=C) cm*1; 

MS m/e 215 (MIT); UV-Vis (MeOH) W  333 nm (e =22946); ‘H NMR (DMSO-dtf) 

511.96 (s, IH), 8.20 (s, IH), 7.53-7.49 (m, IH), 7.32-7.22 (m, 3H), 5.62 (s, IH), 3.0 (s, 

4H), 2.16 (s, 3H); I3C NMR (DMSO-4) 5167.58,152.14,149.94,147.14,142.36, 

129.53,127.12, 125.76, 120.98,117.91, 117.11,30.75,30.54,24.37.

(2Z,4£)-4-(Indan -1 ’-ylidene)-3-methyl-2-butenol (23). 1.3 g (83%) white 

solid: mp 75-76 °C (ether/hexanes); FTIR (KBr) 3407 (OH), 1615 (C=C) cm*1; MS m/e
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183 (M-OH); UV-Vis (MeOH) X ^  239 nm (e =11384); lH NMR (CDClj) 87.51-7.44 

(m, IH), 7.27-7.13 (m, 3H), 5.51 (t, IH, J=6 .8 8 ), 4.25 (d, 2H, J=6.87), 3.00-2.95 (m, 2H), 

2.88-2.78 (m, 2H), 2.01 (s, 3H); 13CNMR(CDC13) 8146.50,144.87, 142.63,136.63,

128.63, 128.20, 126.97,125.69, 120.71,116.77,60.04,31.08,24.10.

Anal (CuHifiO) calcd.: C 83.96% H 8.05%. Found C 83.84% H 7.98%.

Methyl 4-[(lZ,3£)-4-(Indan-r-ylidene)-3-niethyl-2-butenoylainino]-beiizoate

(34). 0.36 g (6 6 %) yellow solid: mp 174-175 °C (ether/hexanes); FTIR (KBr) 3350 (N- 

H), 1697 (C=0), 1667 (C O ) cm l; UV-Vis (MeOH) X*** 239 nm (e=l 1384); lH NMR 

(DMSO-<4): 810.31 (s, IH), 8.36 (s, IH), 7.92 (d, 2H, J=8.7l), 7.73 (d, 2H, J=8.42), 

7.58-7.49 (m, IH), 7.36-7.27 (m, 3H), 5.88 (s, IH), 3.82 (s, 3H), 3.08 (s, 2H), 3.05 (s, 

2H), 2.23 (s, 3H).
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CONCLUSIONS

By developing receptor subtype selective retinoids, retinoid associated toxicity 

may be greatly reduced. In addition, receptor-subtype selective retinoids have found new 

therapeutic applications. Recently, both the pan-agonist 9-cis RA156 and the RXR agonist 

LGD1069138 exhibited chemopreventive activity when used as a single agent or in com

bination with the estrogen antagonist Tamoxifen in rats.

c o 2h

CO2H C 0 2h

6-t-trans conformation 
of 9-c/s RA

LGO10S9
Targrttin

(9Z)4JAB30(1)

Figure 1. Structures o f 9-c/s RA, Targretin, and (9Z)-UAB30.

We recently reported that (9Z)-UAB30 is an RXR-selective retinoid. In order to 

assess the chemopreventive ability of (9Z)-UAB30 (Figure 1) in the JV-methyl nitrosourea 

(MNU) rat mammary chemoprevention assay, multigram quantities were required (10-75 

g). The first goal o f this dissertation was to scale up the synthesis o f (9Z)-UAB30 in or

der to provide the necessary quantities, including optimization of synthetic.98

221
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The synthesis was made amenable to large-scale synthesis primarily by eliminat

ing the HPLC purification of the ester intermediate by separating the geometric isomers 

via flash column chromatography. Preliminary results from the MNU chemoprevention 

assay indicate that (9Z)-UAB30 is an effective chemopreventive agent at the 200 mg/kg 

dose.

A second goal of this proposal was to prepare analogs of (9Z)-UAB30 to deter

mine if RXR selectivity and potency could be improved. Three classes of analogs were 

proposed. First, the ring-substituted analogs were synthesized and screened for retinoid 

receptor binding and transactivation. The 4’-methyl analog (6 ) exhibited enhanced bind

ing and transcription for both the RARa and RXRa retinoid receptors.

2  R i = R 3=FU=H; R 2= O C H 3

3  R 1= R 2= R 4=H; R 3= O C H 3
4  R i = R 2= R 3=H; R «=O C H 3

5  R 2= R 3=R 4=H ; R i = C H 3

6  R i = R 3=H ; R 2= R ,= C H 3

Figure 2. Ring-substituted analogs of (9Z)-UAB30.

It was believed that, when bound to the RXR receptor, 9-cis RA adopted a bent 

conformation. 137,141 This was later confirmed by Egea et al. 149 when the crystal structure 

o f 9-cts RA bound to RXRa was published. Therefore, we proposed that, by altering the 

torsion angle of the C6-C7 bond of (9Z)-UAB30, RXR-selectivity and potency might be 

enhanced. Thus the synthesis of ring-altered analogs of (9Z)-UAB30 was proposed, in 

which the torsion angle about the C6-C7 bond would be varied via a more conformation-

C O jH
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Figure 3. Ring-expanded analog o f (9Z)-UAB30.

ally constrained or flexible ring to yield a second class o f (9Z)-UAB30 derivatives. The 

synthesis of the ring-contracted analog was problematic, but the ring-expanded analog (7) 

was synthesized and screened for retinoid receptor binding and transactivation. The ben- 

zocycloheptenyl analog 7 possessed enhanced RARa and RXRa potency, but selectivity 

was unaffected.

Examples o f potent RXR-selective ligands from the literature, such as LGD1069, 

contain a terminal benzoic acid. 137 Also, it had been shown that inclusion of an internal 

amide group changed the selectivity of the potent pan-agonist TTNPB and resulted in a 

RARa-selective retinoid Am80.93,96 Using a similar strategy, we proposed to alter the 

structure of (9Z)-UAB30 by replacing the car boxy terminus of (9Z)-UAB30 with an am

ide linked p-ammo benzoic acid (Figure 4). Even if this does not enhance potency and/or 

selectivity, these retinoids would be dramatically simpler to synthesize and would be 

more resistant to oxidation as compared to (9Z)-UAB30. Results from retinoid receptor 

binding and transcription assays showed abrogation of both the RARa and RXRa activ

ity. The amides exhibited enhanced RARy binding and transcription perhaps through in

teraction o f the amide bond with the Ser232 of RARy.
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TTNPB

NH

Am80

8 n=1; Ri=R2=R3=R4=H
9 n=1; Ri=R3=R*=H; R2=OCH3
10 n=1; R1=R2=R4=H; R3=OCH:
11 n=1; Ri=R2=R3=H; R*=OCH:
12 n*1; R2=R3=R4=H; Ri=CH3
13 n=1; Ri=R3=H; R2=R4=CH3
14 n=2; R1=R2=R3=R«=H

c o 2h

Figure 4. Structures of TTNPB, Am80, and (9Z)-UAB30 and the amide derivatives of 
(9Z)-UAB30.
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APPENDIX B

Spectroscopic Data for Compounds in “Conformationally Defined Retinoic Acid 
Analogues. Synthesis, Nuclear Receptor Binding, and Transcriptional Activation 

Activity of Derivatives ofRXR-Selective (9Z)-UAB30”
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Figure 12. UV-Vis of Compound 11-4 (MeOH).
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Figure 41. 'H  NMR (300 MHz) o f  Compound II-20 (CDC13).
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