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Abstract: Novel C-8a functionalized tricyclic compounds having cyano
enones in rings A and C have been synthesized and biologically
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would improve the potency and pharmacokinetics because of
the favorable balance between hydrophilicity and hydrophobic-
ity. Also, insertion of polar and hydrophilic functionalities (e.qg.,
carboxyl group, amine group, etc.) would give water-soluble
compounds.

We have synthesized various C-8a functionalized analogues
using new tricycle2a—c (Scheme 1) as starting materials,
whose efficient synthesis we have previously established for
our projected synthesfs,and evaluated their potency for
inhibition of NO production in RAW 264.7 cells stimulated with
interferony (RAW cell assay). These analogues include typical
electron-withdrawing, electron-releasing, hydrophilic, hydro-
phobic, and bulky groupsWe have found tha3—9 are more
potent thanl and CDDO in the RAW cell assay (Table 1).
Particularly,3—5 and 7 with acetylene groups are the most
potent. Their potency is higher than thatbbind CDDO and
equal to that of CDDO-Im and CDDO-CN, which have the
highest potency among semisynthetic triterpenoids previously

evaluated. Among them, compounds with acetylene groups at C-g8a€valuated in the same assaly addition,4 is orally and highly

show extremely high potency in in vitro and in vivo bioassays for anti-
inflammatory and cytoprotective activities. Both in vitro and in vivo

active for induction of the anti-inflammatory and cytoprotective
enzyme heme oxygenase-1 (HG%in the liver and stomach

potencies are markedly higher than those of 2-cyano-3,12-dioxooleana-(Figures 1 and 2). The in vivo potency is also much higher

1,9(11)-dien-28-oic acid (CDDO), which is being evaluated as an
anticancer drug in phase | clinical trials.

We have been engaged in the improvement of anti-inflam-
matory and antiproliferative activity of oleanolic acid, a naturally
occurring triterpenoid. This led to the discovery of CDPéd
related compounds (e.g., CDDO-Me, CDDO-Im, CDDO-CN,
and others}.®> CDDO and its methyl ester (CDDO-Me) are

CDDO: R = CO,H

CDDO-Im: R= CON_/
CDDO-Me: R =COMe CDDO-CN: R =CN

presently being evaluated in phase | clinical trials for the
treatment of leukemia and solid tumors.

During the course of these investigations, we have found that
three-ringed compounds with enone functionalities in rings A
and C similar to those of CDDO are also a novel class of potent
anti-inflammatory, cytoprotective, growth suppressive, and
proapoptotic compounds. Particularlyis nearly equivalent in
potency to CDDO for inhibition of nitric oxide (NO) production
in primary mouse macrophages stimulated with interfer@md
is orally active in a preliminary in vivo inflammation mod&l.

than that ofl and CDDO.

In this communication, we report our initial results on the
synthesis and biological potency of some new C-8a function-
alized tricyclic compounds.

Scheme 1.Synthesis of Tricyclic3 and4 in Racemic Forrh

afor2c, b

o R - O a
“H </0 " F

2a: R=COH
2b: R =CO,Me
2¢: R =CH,0H

CHO

a2 Reagents and yields: (a) EG, PPTS, PhH, 100%; (b) DMSO, (GOCI)
EtsN, 100%:; (c) PBPCH.Cl, n-BuLi, THF, HMPA, 80%; (d) MeLi, THF;

These results encouraged us to synthesize additional newrMmScCl, 93%; (e) aqueous HCI, MeOH, 97%; (f) Gx®BuOOH, CHCls,

analogues. Thus, we initially designed C-8a functionalized
analogues because insertion of functionalities at this position
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a Abbreviations: CDDO, 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic
acid; CDDO-Me, methyl 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oate;
CDDO-Im, 1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyllimidazole;
CDDO-CN, 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-onitrile; DXM, dexa-
methasone.

65%; (g)p-TSCN, LDA, THF; (h) DDQ, PhH; 619% (i) TBAF, THF, 71%.

Compounds3 and 4 in racemic form were synthesized by
the sequence shown in Scheme 1. Compaldias obtained
in quantitative yield by ketalization dfc with ethylene glycol
(EG) in the presence of pyridiniumrtoluenesulfonate (PPTS)
in benzene, followed by Swern oxidatihCompoundL1was
prepared in 80% yield as a mixture BfZ chlorovinyl isomers
(E/Z = 4:1) by a Wittig reaction ofLO with (chloromethyl)-
triphenylphosphonium chlorid&. Dehydrochlorination ofl1
with MeLi, followed by trapping the acetylide with chlorotri-
methylsilane (TMSCI), gavé2 in 93% yield!3 Deketalization
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of 12 under acidic conditions, followed by a chromium-mediated Scheme 3. Synthesis of Tricyclicc—7 in Racemic Forrh

allylic oxidation* afforded13in 63% yield. Compoun@ was
synthesized in 61% yield by double cyanationl8fwith LDA
and p-toluenesulfonyl cyanideptTsCN) 15 followed by DDQ
oxidation (29% overall yield fron2c). The TMS group was
removed by tetra-butylammonium fluoride (TBAFf to give
4 in 71% vyield (20% overall yield fron2c).

Scheme 2.Synthesis of Optically Active<)-3, (+)-3, (—)-4,
and ()-4

(-)-3 (15% from (+)-2c)

[alp—111°
\Ysteps

aq. HCI

— (H-2¢
OH MeOH (91%)
[a]p +23°
ee: 84%

(-)-4 (48%)
[o]p—110°

PPTS, PhH 14 (29%)

2c ———
HOJ\E/OH

aq. HCI

“I (9)-2¢
OH MeOH  (ggor)
[alp—23°

O .
15 (26%) 8 S‘Ei’y ee: 80%
TBAF

(+)-3 (15% from (-)-2¢)
[a]p +103°

(+)-4 (37%)
[alp +113°

Optically active ()-3, (+)-3, (—)-4, and (+)-4 were syn-

thesized by the sequence shown in Scheme 2. The resolutio
of 2cin racemic form was carried out in the manner described

by Griecol” Treatment of2c with (—)-(R,R)-2,3-butanediol
afforded the pair of diastereometd and15. Separation of the

two diastereomers was achieved by iterative flash colum

chromatography to givel4 (including 8% of 15 and 15

(including 10% of14) in 29% and 26% vyields, respectively.

The diastereomeric purity was determined ¥ NMR (300

MHz, CDCl) using the integration values of the methyl signals

(6 0.92 and 0.88 ofLl4; 6 0.96 and 0.86 ofL5) for the two
diastereomers. Diastereomg&4 was then treated with acidic
methanol to give {)-2c in 91% vyield. The deketalization

b for 17

N cfor18
dfor 19

20: R = Me (86%)
21: R =Et (91%)
22: R = CN (96%)

17: R =Me (91%)
18: R = Et (69%)
19: R =CN (64%)

"23: R = Me (59%) 5! R = Me (48%)
24: R = Et (33%) 6: R = Et (23%)
25: R =CN (53%) 7: R=CN (13%)

aReagents: (a) MeLi, THF, aqueous N&; (b) MeLi, THF, Mel; (c)
MeLi, THF, Etl; (d) n-BuLi, THF, PhOCN; (e) aqueous HCI, MeOH; (f)
CrQ;, t-BUOOH, CHCly; (g) p-TSCN, LDA, THF; (h) DDQ, PhH.

yield from (—)-2c, and then removal of the TMS group of -3
afforded (t+)-4 in 37% yield.

Compoundss—7 in racemic form were synthesized by the
sequence shown in Scheme 3. Dehydrochlorinatiohlofith
MeLi followed by quenching of the acetylide with aqueous
NH4CI solution affordedl16 in 95% vyield!? Insertion of the
methyl group into the acetylene moiety was achieved by treating
16 with MeLi and trapping the resulting anion with methyl
iodide to givel7 in 91% vyield. The ketall'7 was subjected to
acidic conditions to givR0in 86% yield. Allylic oxidation of

n20 afforded23in 59% yield. Double cyanation &3, followed

by DDQ oxidation, gaveb in 48% vyield (21% overall yield
from 11). Ethylacetylenel8 was obtained in 69% vyield by

n guenching lithium acetylide df6 with iodoethane. Compound

6 was synthesized in 7% vyield froi8 by the same methods
as for5. Treatment of the acetylide df6 with phenyl cyanate
(PhOCN) afforded 9in 64% yield1® Compound? was obtained
in 7% vyield from19 by the same procedures as for
Compound 8 in racemic form was synthesized by the
sequence shown in Scheme 4. The aldey@leas treated with
MeMgBr in THF to give a diastereomeric mixture (2:1) of

conditions required much longer time (45 min) than deketal- alcohol26in 87% yield. Ratcliffe oxidatioff of 26 gave27in

ization of12 (5 min) because of the bulky ketal d4. Similarly,

15 afforded )-2c in 88% yield under the same conditions.

73% vyield. A forced Wolff-Kishner reduction of27 with
anhydrous hydrazine and KOH in diethylene glycol (at 165

On the basis of the diastereomeric purity, we concluded that for 2 h and then at 217C for 24 h)?* followed by removal of

(+)-2cincludes 8% of {-)-2c [enantiomeric excess (ee), 84%]

and (-)-2c includes 10% of {)-2c (ee, 80%). The circular
dichroism (CD) values for the two enantiomets){2cand )-
2c ar6A6288: +0.22 (C 0.0025, EtOH) an(Angg: —-0.22 (C

the ketal, produced28 in 51% yield. Compound8 was
synthesized in 48% vyield fror8 by the same sequence as for
5 (16% overall yield from10).

Compound9 in racemic form was synthesized by the

0.0025, EtOH), respectively. On the basis of these CD values sequence shown in Scheme 5. A Wittig reactionI@hwith

and application of the octant rulé we have determined that

methyltriphenylphosphonium iodide in the presence of potas-

(+)-2c has the same configuration as that of CDDO and that Siumtert-butoxide in THF gave29 in 74% yield. Removal of

(—)-2c has the opposite configuration.
We did not synthesize optically actiBzand4 directly from

the ketal of29 afforded30 in quantitative yield. Compouné
was obtained in 48% yield vial from 30 by the same methods

14 (or 15) because the TMS group might be cleaved under the as for5 (36% overall yield from10).

conditions for removal of the bulky ketal. Thus, we synthesized

optically active3 and4 from (+)-2c (or (—)-2c) by the same
sequence as f&and4 in racemic form. Optically active<)-3
was obtained in 12% yield fromH)-2c. Removal of the TMS
group was achieved by treatment ef)¢3 with TBAF to give
(—)-4 in 48% yield. Similarly, (+)-3 was synthesized in 15%

We have evaluated the inhibitory activity of new C-8a
functionalized tricyclic compound8—9 including optically
active analogues in the RAW cell assay. Thegl@alues are
shown in Table 1. All new compounds-9 are more potent
than the leadl, CDDO, and DXM. Noteworthy is tha8—5
and 7 having acetylene groups are significantly more potent
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Scheme 4.Synthesis of Tricyclic8 in Racemic Forrh

aReagents and yields: (a) MeMgBr, THF, 87%; (b) Gr@yr, CH.Cl,,
73%; (c) NHNH2, KOH, diethylene glycol; (d) aqueous HCI, MeOH, 51%
from 27; (e) CrQ, t-BuOOH, CHCly; (f) LDA, p-TsCN, THF; (g) DDQ,
PhH, 48% from28.

Scheme 5. Synthesis of Tricyclic®® in Racemic Forrh

aReagents and yields: (a) ##Mel, t-BuOK, THF, 74%; (b) aqueous
HCI, MeOH, 100%; (c) Cr@ t-BuOOH, CHCly, 83%; (d) LDA, p-TsCN,
THF; (e) DDQ, PhH, 58%.

thanl and CDDO. The potency is equal to that of CDDO-CN
and CDDO-Im, which have the highest potency among semi-
synthetic triterpenoids previously evaluated in the same &ssay.

It is often the case that one enantiomer of a drug has greater

potency and/or less toxicity than its antipode. Indeed, we have
found that )- and ()-1 have different biological properti€s.
In this assay, we have not found a significant difference between
(—)- and (+)-enantiomers o8 and4.

Presently, we are engaged in synthesizing various new
tricyclic compounds having acetylene groups in order to develop
clear structure-activity relationships for these compounds.

Table 1. Inhibition of NO Production in RAW 264.7 Cells Stimulated
with Interferony by New Tricyclic 3—92

(+)-enantiomer

(-)-enantiomer

compd R 1Go(nM)  compd R 1Go (NM)
3 —C=C-TMS 3 e —C=C—-CN 4
(+H)-3 —C=C-TMS 2 & —Et 10
(-)-3 —C=C-TMS 3 ob —CH=CH, 10
4p —C=CH 1 1b —Me 30
(+)-4 —C=CH 1 CDDO 20
(-)-4 —C=CH 3 CDDO-Im 1
5p —C=C—Me 5 CDDO-CN 1
6° —C=C-Et 20 DXM 20

aRAW 264.7 cells were treated with various concentrations of com-
pounds and interferop-(10 ng/mL) for 24 h. Supernatants were analyzed
for NO by the Griess reaction. kgvalues are an average of two separate
experiments® A 1:1 mixture of ()- and ¢)-enantiomers (racemic form).

Subsequent to the in vitro assay, we have evaluated the
potency of4, which is one of the most potent compounds in
the RAW cell assay, for induction of the anti-inflammatory and

Journal of Medicinal Chemistry, 2007, Vol. 50, No.1&33

cytoprotective enzyme heme oxygenase-1 in the liver and
stomach (in vivo, oral administration). There is major interest
in stimulating HO-1 as a protective enzyme in many chronic
disease conditions in which inflammation and oxidative stress
play an important rolé® As shown in Figures 1 and 2, oral
dosing of 1umol of 4 causes significant induction of HO-1 in
the liver and stomach whilé@ and CDDO are markedly less
potent at this low dose. Compoudds as potent as CDDO-Im
in the liver but is clearly more potent than CDDO-Im in the
stomach, which is the most potent semisynthetic triterpenoid
we have developed for induction of HO?4.,

CDDO-Im

{ -'----.-.

\m i

Figure 1. Tricyclic 4 is a potent inducer of HO-1 in liver when given
by gavage. Male CD-1 mice (three mice per group) were separately
gavaged with Jumol of the following: tricyclic compound4 and4,
CDDO, and CDDO-Im. After 6 h, livers were collected and analyzed
by Western blot for HO-1.

DMSO CDDO 1 4

p. ‘H01

DMSO CDDO 1 4 CDDO-Im

‘ E - —-—-&—-:--lmﬂ

TV VWY
_— "_ A —

Figure 2. Tricyclic 4 is a potent inducer of HO-1 in stomach when

given by gavage. Male CD-1 mice (three mice per group) were

separately gavaged withudmol of the following: tricyclic compounds

1 and4, CDDO, and CDDO-Im. After 6 h, stomachs were collected

and analyzed by Western blot for HO-1.

a-tubulin

In conclusion, although a series of tricyclic compounds was
designed on the basis of CDDO, the structureta$ clearly
different from that of CDDO becaugkhas an acetylene group
at C-8a. Tricyclic compounds, diterpenoids, and triterpenoids
with an acetylene group at C-8a (C-8 in terpenoid nomenclature)
have not been reported prior to our synthesid.d@urrently,4
is one of the most bioactive compounds in in vitro and in vivo
bioassays in our pool of drug candidates including semisynthetic
triterpenoids and tricyclic compounds. Therefofemay rep-
resent a new class of potential drug candidates having an entirely
new structure for inflammatory diseases and cancer chemo-
prevention. Further syntheses and biological evaluation of new
tricyclic compounds having acetylene groups at C-8a, including
water-soluble analogues, are in progress.
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