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10 afforded the a,f-unsaturated ester 8 as the key synthetic
intermediate.

Before attempting the formation of the main skeleton of 1 from 8
by the IMDA reaction, we investigated the computer-aided
prediction of the preferable stereoselectivity through theoretical
calculations of the stability of the transition structures'*'* using a
simplified model compound 8M, in which the TBSO group of 8 was
replaced with a MeO group (Scheme 3).

Scheme 3. Predicted Preference of Diastereoselectivity in the
IMDA Reaction of the Model Compound 8M Based on DFT
Calculations
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DEFT calculations were performed to determine the transition
structures that form the fused bicyclic backbone of the multi-
substituted 3,4,4a,5,6,7,8,8a-octahydronaphthalene (A" octalin).
The geometries of all the stationary points were fully opti-
mized at the B3LYP/6-31G* level of theory, and the properties
of the molecules were also calculated at the same or advanced
level using 6-31G**, 6-311G*, and 6-311G** basis functions. All
points were characterized as minima or saddle points by calcula-
tion of the harmonic vibrational frequencies using analytical second
derivatives.'

Four transition states provide the [4 + 2] cycloadducts
7Ma—d, and these transition structures ([ts-al]—[ts-d1]) are
categorized as endo- and exo-modes (endo, [ts-al] and [ts-d1];
exo, [ts-b1] and [ts-c1]) as depicted in Scheme 4 and Figure 2.

Scheme 4. Transition Structures of the Thermal IMDA
Reaction of 8M
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Figure 2. Three-dimensional transition structures, [ts-al] (endo), [ts-b1]
(exo), [ts-c1] (exo), and [ts-d1] (endo), in the thermal IMDA reaction
of 8M.

Table 1. Calculated Relative Gibbs Free Energies (AG,,;)
(in kcal/mol) of the Transition Structures in the Thermal
IMDA Reaction of 8M

B3LYP/  B3LYP/  B3LYP/  B3LYP/

6-31G*  631G**  6-311G*  6-311G** predict (110 °C)
[ts-al] 049 (040)° 050 019 (0.14)* 033 37 45
[ts-b1] 0.0 (0.00)" 000 000 (0.00)° 000 63 55
[ts-c1] 521 (5.12)" 819  526(523)° 508 0 0
[ts-d1] 4.65 (4.64)° 462 439 (448)° 428 ] 0

“The values in parentheses are AG,_ values at 383.15 K (110 °C).

Scheme 5. Thermal or Et,AlCI-Mediated IMDA Reaction of
8 to Form endo-Type (9R,10R)-A"*-Octalin 20a via 7a and
exo-Type (9S,IOR)-A Y2 Octalin 20b via 7b*
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“Reagents and conditions: (a) toluene, reflux, 3 d; (b) DIBAL, CH,Cl,,
0 °C, 30 min, 38% of 20a and 48% of 20b from 8; (c) ELAIC], CH,CL,
~78°C to 1t, 16 h; (d) DIBAL, CH,Cl,, 0 °C, 20 min, 62% of 20a from 8.

The desired (9R,10R)-A'*-octalin derivative 7Ma could be
generated via the transition state [ts-al] by the IMDA reaction of
the model triene 8M. Another endo-mode transition state [ts-d1]
to form the diastereoisomeric (9S5,108)-A'2-octalin derivative
7Md is an unfavorable structure for the preparation of 1. Simi-
larly, the exo-mode transition states, [ts-b1] and [ts-c1], could be
converted into the undesired (95,10R)- and (9R,10S)-A'-octalin
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Scheme 6. Transition Structures of the Me,AlCl-Mediated
IMDA Reaction of 8M

I\Ide
S we
’/P‘_g.ue
H.! H Me
MeQ — TMa
{major product)

Transition state [ts-a2] (endo)
(AGrg = 0.00 keal/mol)

steric repulsion

7

cr A‘

P el

7Mb
{not formed)
Transition state [ts-b2] (exo)
{AG;q = 1.22 keal/mol)
I\I."Ie
-AlL
Me0~% Me
SH
i
Hy HL _Me
Ml \_J o TMc
{not formed)
Transition state [ts-c2] (exo)
(AGyg = 5.01 kealimol)
Me
-Al
M°°3¢OCE Me
"
MeQ HY L _Me
e 2
(not formed)

Transition state [ts-d2] (endo)
(AGg = 3.23 kealimaol)

(t8-a2] (AG, = 0.00 kealimol)
(BALYP/E-311G"/BILYP/B-31G")

[ts-b2] (AG,, = 1.22 kcalimol)
(B3LYP/B-311G"/BILYPE-31G")

5.01 kealimol)
(B3LYP/B-311G™//B3LYP/B-31G")

[ts-d2] (AG,, = 3.23 kealimol)
(BALYPE-311G " /B3LYPE-31G")

[ts-c2] (AGyy =

Figure 3. Three-dimensional transition structures, [ts-a2] (endo), [ts-b2]
(exo), [ts-c2] (exo0), and [ts-d2] (endo), in the Me,AlCl-mediated IMDA
reaction of 8M.

derivatives 7Mb and 7Mc through the imaginary IMDA reactions,
respectively. The calculated relative Gibbs free energy (AG,,)) is
shown under each transition structure in Scheme 4 and Table 1. It

was revealed that [ts-c1] and [ts-d1] have significantly high AG,
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Table 2. Calculated Relative Gibbs Free Energies (AG,,)
(in kcal/mol) of the Transition Structures in the
Me,AICI-Mediated IMDA Reaction of 8M

B3LYP/ B3LYP/ B3LYP/ B3LYP/

6-31G* 6-31G**  6-311G* 6-311G** predict (25 °C)
[ts-a2] 0.00 0.00 0.00 0.00 93 89
[ts-b2] 1.50 1.41 132 122 7 11
[ts-c2] 533 527 523 5.01 0 0
[ts-d2] 348 334 351 323 0 0

Scheme 7. Completion of Total Syntheses of 1 and 2
2. TPAP (0.10 equiv.),

EtO. _.O
NMO (3.0 equiv.),
OH CH;Cla (0.10 M),
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t,16h
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CH2Cl5 (0.030 M),
n14h

f
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f. 12 M HC!

S

MeOHITHF
m,14h
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AMF-26 (1)

“Reagents and conditions: (a) TPAP, NMO, CH,CL, 0 °C, 30 min;
(b) phosphate 6, LHMDS, THF, =78 °C to tt, 14 h, 92% from 20a;
(c) 4 M LiOH, MeOH, THE, tt, 1 d; (d) 12 M HCl, MeOH, THE, 1t,
16 h, 94% from 21; (e) amine 4, MNBA, DMAP, CH,CL,, t, 14 h,
99% from 21; (f) 12 M HCl, MeOH, THF, rt, 14 h, 95%.

values compared with those of [ts-al] and [ts-b1] because of the
steric repulsion between the methyl group at the C-4 position in
8M and the surroundings in these transition structures. Therefore,
the corresponding (9R,108)- and (98,10S)-A'*-octalin derivatives
7Mc and 7Md will hardly form via these two highly strained
transition states (AG,, = 5.21—5.08 kcal/mol for [ts-c1]; AG 4 =
4.65—4.28 keal/mol for [ts-d1]). Within the stable [ts-al] and
[ts-b1] structures having lower values of AG,, the formation of the
latter transition structure is preferable. The calculated free-energy

dx.doi.org/10.1021/jm301695c | L. Med. Chemn. 2013, 56, 150-159



Journal of Medicinal Chemistry

Article

251

g B4 ——C0230E
=B=B57-1 Tt =M - 12
v HEC -5 :::; ;:: -y 29
= MCF-T DO 15
= MDA M8 231 ST —HCT- 116
—SNE- T
—t=NCI-HZT
==NCI-H226 g OV CAR-D
—y N HE22 W= OVCAR 4
=il NCI- HABD i | - [T sy OV CAR-5
540 ~E=OVCAR-8
~@=MS273 e - OV -3
—=fr=MS5114
- 5t -4
=N
—p—RAF-G3IL —tr=MENT wgme L1~ 145
w40 HN il MEHIE o3
NS
—oMENTA

Figure 4. Growth inhibition against a panel of human cancer cell lines. Dose-dependent effects of the totally synthetic 1 on each cancer cell were
measured as described in the experimental procedures. The x-axis represents the logarithm of the mean of the GIS0 values (log[concentration (M) ]) for
each cell line. The y-axis represents the growth rate of each human cancer cell line (% of control). Quantification of the GIS0 value was represented as the
mean of four different experiments. Br, breast; CNS, central nervous system; Co, colon; Lu, lung; Me, melanoma; Ov, ovary; Re, renal; St, stomach; xPg,

prostate.

difference (AG,y = 0.49—0.19 kcal/mol at 298.15 K (25 °C);
0.40—0.14 kcal/mol at 383.15 K (110 °C)) corresponds to the
medium diastereomeric ratio of the formed [4 + 2] cycloadducts
according to the Boltzmann distribution (estimated selectivity of
7Ma:7Mb = ~30:70~42:58 at 298.15 K (25 °C); ~37:63—45:55
at 383.15 K (110 °C)).

Thermal IMDA Reaction of 8 to Form A'2-Octalins 20a
and 20b and Et,AlCI-Mediated Diastereoselective IMDA
Reaction of 8 to Form A'2-Octalin 20a. After determining
the transition structures and understanding the nature of the
predictable stereoselectivity of the IMDA reaction of 8M, we
eventually examined the thermal transformation of 8, which has a
TBSO group at the C-5 position instead of a MeO group at the
same position in 8M. By heating 8 in toluene at reflux tempera-
ture for three days (Scheme S, upper equation), the desired
thermal [4 + 2] cycloaddition reaction successfully proceeded,
and we obtained a mixture of two stereoisomeric products, 7a
and 7b, corresponding to the model A'*-octalins 7Ma and 7Mb,
respectively. A mixture of the cycloadducts, 7a and 7b, was then
treated with DIBAL to provide the desired primary alcohols, 20a
and 20b, with a low diastereoselectivity (20a:20b = ~44:56) in
this two-step transformation. These experimental results are in
good agreement with the assumed stereoselectivity as follows:
(1) Two products, 7a and 7b, possessing (R) configurations at
the C-10 position were predominantly produced, and two other
A'_octalins possessing (S) configurations at the same position
were not obtained at all. (2) Both the major stereoisomer,
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(9S,10R)-7b, generated from the exo-mode transition state, and
the minor one, (9R,10R)-7a, generated from the endo-mode transi-
tion state, were simultaneously produced because the predicted
preference of the exo-mode transition state over the endo-mode
transition state is not very high.

To improve the yield of the endo-type (9R,10R)-A"*-octalin
derivative 7a, a favorable intermediate for the synthesis of 1, it is
necessary to develop an alternative activation method for the
IMDA reaction that proceeds via the endo-mode transition state
[ts-al] but not via the exo-mode transition state [ts-b1]. There
are many successful examples of obtaining endo-type octalin
derivatives via the diastereoselective Diels—Alder reaction using
a Lewis acid in steroid syntheses;” therefore, we decided to use
the Et,AlCl-mediated Diels—Alder reaction to control the
diastereoselectivity of the IMDA reaction of 8.

Determination of the structures of the endo- and exo-mode
transition states with Me,AlCl and the relative Gibbs free energies
was next carried out by theoretical calculations according to the
above-mentioned method for predicting the diastereoselectivity
that uses the model substrate 8M. The optimized endo-mode
transition structures [ts-a2] and [ts-d2], and exo-mode transition
structures [ts-b2] and [ts-c2] are described in Scheme 6 and
Figure 3, in which all ester-carbonyl groups are activated by
Me,AICL Each chloride atom in [ts-a2]—[ts-d2] locates near an
a-proton of the ester group because a hydrogen-bonding interac-
tion occurs between the electronically negative chloride atom
and electronically positive hydrogen atom. Therefore, stable

dx.doi.org/10.1021/jm301695¢c | /. Med. Chem. 2013, 56, 150-159
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Figure 5. Fingerprints of the formerly prepared 1 and totally synthetic 1. Growth inhibition was assessed against a panel of 39 human cancer cell lines.
Fingerprints were produced by computer processing of the 50% growth inhibition (GI50) values. The logarithm of the GISO value for each cell line is
indicated in the figure. In the plot, columns to the right of zero indicate the sensitivity of the cell line to the compound, and columns to the left indicate
resistance to the compound. The x-axis represents the logarithm of the difference between the mean of the GISO values for 39 cell lines and the GI50
value for each cell line in the JFCR39 panel. The fingerprint of the totally synthetic 1 (right column) significantly correlated with that of the formerly
prepared 1 derived from a natural molecule 2 (left column) (Pearson correlation coefficient r = 0.843). MG-MID, the mean of the log GISO values for the
39 cell lines; delta, the logarithm of the difference between the MG-MID and log GIS0 of the most sensitive cell line; range, the logarithm of the
difference between the log GISO of the most resistant cell line and log GI50 of the most sensitive cell line. One scale represents one logarithm difference.

six-membered rings, including (i) a strong coordination of the
oxygen atoms in ester groups to aluminum atoms and (i) an
additional hydrogen-bonding interaction between the chloride
atoms in Me,AlCl and C-2 protons of the ester groups, were effi-
ciently created in these transition states. However, the calculated
relative Gibbs free energies in Table 2 indicate that (i) [ts-c2]
and [ts-d2] have higher AG,, values (5.33—5.01 kcal/mol for
[ts-c2]; 3.51—3.23 kcal/mol for [ts-d2]) compared with those of
[ts-a2] and [ts-b2] similar to the thermal IMDA reaction of 8M,
(i) the endo-mode transition state [ts-a2] is more stable than
the exo-mode transition state [ts-b2] because the AG,,, of [ts-a2]
is much lower than that of [ts-b2] (AG,, = 1.50—1.22 kcal/mol
at 298.15 K (25 °C)). It is assumed that the steric repulsion
between one of the methyl groups in Me,AICl and the substrate
is quite high during the conversion of the triene 8M—Me,AlC]
complex into the transition structure [ts-b2] as depicted in
Scheme 6.
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On the basis of the present preferable theoretical prediction,
we actually examined the IMDA reaction of 8 using Et,AlCI
instead of the ideal reaction of 8M with Me,AlCl, and the desired
20a was solely obtained after reducing the temporarily formed
7a; namely, the production of the endo-type (9R,10R)-A'-octalin
derivative 7a exclusively occurs without formation of not only the
exo-type (98,10R)-A'*-octalin derivative 7b but also other stereo-
isomers, such as the (9R,10S)- and (95,108)-A"*-octalin derivatives
7¢ and 7d (Scheme 5, bottom equation).

Completion of the First Total Synthesis. Next, installa-
tion of the a,f,y,6-bisunsaturated ester moiety in the (9R,10R)-
A'.octalin derivative 20a was attempted, as shown in Scheme 7.
Oxidation of 20a using TPAP with NMO was carried out to
provide the corresponding aldehyde 5, and the fo].lowin§
HWE olefination of the resulting aldehyde 5 with phosphate 6'
smoothly proceeded to afford the desired triene 21 in good yield.
After hydrolysis of the ester moiety in 21 with lithium hydroxide,

dx.doi.org/10.1021/jm301695¢ | L Med. Chem. 2013, 56, 150-159
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Figure 6. Disrupting Golgi apparatus by the formerly prepared 1 and totally synthetic 1 [dispersion of GBF1 in BSY-1 cells (A and B) or HBC4 cells (C and D)].
Cells were treated with either the formerly prepared 1 (A and C) or the totally synthetic 1 (B and D) at different concentrations for 1 h. The cells were then fixed
and labeled with anti GBF1 (green) and DAPI (blue). In the BSY-1 and HBC-4 cells treated with the formerly prepared 1 or the totally synthetic 1, GBF1 was
dispersed from the perinuclear region, which gave a ribbon-like appearance (white arrowhead), into the cytoplasm. Scale bar: 20 um.

deprotection of the silyl ether group at the C-6 position of the
resulting carboxylic acid 3 was eventually examined using 12 M
hydrochloric acid, and the desired product 2 was readily prepared
in excellent yield by this facile procedure.'® All the spectral
data, including the optical rotation of the totally synthetic 2,
corresponded to those reported for naturally occurring (+)-2
(our synthetic sample; [a]p™ +56.4 (¢ 0.593, MeOH), lit'?
[alp®™ +58.71 (c 0.998, MeOH)), and all the absolute con-
figurations of the stereogenic centers at the C-3, C-4, C-5, C-6,
C-7, C-9, and C-10 positions were unequivocally determined
by this identification. On the other hand, it was revealed that
MNBA-mediated amidation'? using an excess amount of DMAP
(3.0 equiv) in the absence of triethylamine produced the
3-picolylamide 22 from the carboxylic acid 3 in a satisfactory
yield. Finally, the transformation of 22 by deprotection of the
TBS group furnished the targeted molecule 1 in very high yield."
Thus, an efficient method for the synthesis of 1 was established via
the Et,AlCl-mediated diastereoselective IMDA reaction of the chiral
linear precursor 8. The synthesis of 1 proceeds in 14 steps and 19%
overall yield from the chiral oxazolidinone 16. The 'H and *C NMR
spectra of the obtained 1 showed that the synthetic sample has the
same relative stereochemistry as formerly prepared 1 derived from
naturally occurring 2. Other properties of the synthetic 1 including its
optical rotation were identical to those of formerly prepared (+)-1
derived from (+)-2 (our synthetic sample; [a]p™® +73.6 (c 0.480,
MeOH), lit"? [a],2 +76.69 (c 1.103, MeOH)).

B BIOLOGICAL ASSAYS OF THE TOTALLY SYNTHETIC

AMF-26

Antitumor Activity of the Totally Synthetic 1 against a
Variety of Human Cancer Cell Lines. To obtain a preliminary

156

evaluation of the totally synthetic 1, we determined the biological
activity of the synthetic 1 for cell growth inhibition and
disrupting the Golgi system. As shown in Figure 4, the global
antitumor activity of the totally synthetic 1 against a variety of
human cancer cells was assessed on a panel of 39 human cancer
cell lines UFCR39),"”2U Among them, the synthetic 1 strongly
inhibited the growth of several cancer cell lines at concentrations
of less than 0.04 4M (GISO0 values at 18.2 nM for BSY-1,22.9 nM
for MDA-MB-231 [breast], 30.2 nM for SNB-75 [central ner-
vous system], 35.5 nM for KM-12, 33.9 nM for HT-29 [colon],
30.9 nM for NCI-H226 [lung], 33.1 nM for LOX-IMVI
[melanoma], 347 nM for OVCAR-4, 37.2 nM for OVCAR-§
[ovary], and 36.3 nM for MKN1, 27.5 nM for MKN4S [stomach]).

The informatic anticancer drug discovery system, JFCR39, is a
powerful tool for extracting compounds with similar modes of
action from a database.”® The JFCR39 panel was coupled with
our own drug sensitivity database, which is comparable to that of
the NCI60 panel from the National Cancer Institute.”' By using
the COMPARE computer algorithm (details described in the
experimental procedures), it is possible to correlate the growth
inhibitory patterns of JFCR39 (termed “fingerprints”) of a test
compound with those of a known compound in the database. We
compared the fingerprint of the totally synthetic 1 with that of
the formerly prepared 1 derived from a natural molecule 2
(Figure 5) and demonstrated a significant correlation between
the two (correlation coefficient r = 0.843).

Golgi Disruption and Proliferation Tests of BSY-1 and
HBC-4 Cells by the Totally Synthetic AMF-26. We pre-
viously reported that 1 disrupted the Golgi system by inhibiting
the Arfl activation.” We now examined whether the totally syn-
thetic 1 induced Golgi disassembly by use of immunofluorescence

dx.doi.erg/10.1021/jm301695c | ). Med. Chem. 2013, 56, 150-159
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staining with a monoclonal antibody to GBF1 (Golgi brefeldin A
resistant guanine nucleotide exchange factor 1), a marker of Golgi.
In the control cells, GBF1 was observed in the perinuclear region.
The addition of the totally synthetic 1 caused a rapid release of
GBF1 into the cytoplasm as shown in parts B and D of Figure 6,
similar to the addition of the formerly prepared 1 derived from a
natural molecule 2, as shown in parts A and C of Figure 6.

The proliferation of BSY-1 or HBC-4 cells treated with drugs
was monitored as shown in Figure 7A. Changes in the amounts of
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Figure 7. Cell growth inhibition and Golgi disruption by the formerly
prepared 1 and totally synthetic 1. Symbols represent the following:
open circle, BSY-1 cells treated with the formerly prepared 1; open
square, BSY-1 cells treated with the totally synthetic 1; closed circle,
HBC-4 cells treated with the formerly prepared 1; closed square, HBC-4
cells treated with the totally synthetic 1.

the total cellular protein after 48 h of drug treatment were
analyzed using the SRB assay. Furthermore, the BSY-1 or HBC-4
cells were treated with the formerly prepared 1 and totally
synthetic 1 at different concentrations for 1 h and then stained
with antibodies against GBF1 (Figure 7B). Over 100 features
were measured under each condition, and the numbers of cells
whose Golgi was dispersed were then counted. The biological
efficacy of the totally synthetic 1 was consistent with that of the
semisynthesized 1 based on these data; therefore, we concluded
that the structure of the totally synthetic 1 was unambiguously
identified with that of the formerly prepared 1, which was derived
from a natural compound 2.

B SYNTHESIS AND SAR STUDIES OF AMF-26
DERIVATIVES

By use of intermediate 20a, we further prepared compounds 26
and 31 as derivatives of 1 as depicted in Schemes 8 and 9,
respectively. The two-carbon elongation of the aldehyde derived
from 20a was carried out to afford the corresponding unsaturated
ester 23 (Scheme 8). The saponification of 23 and the successive
MNBA-mediated amidation of 24 provided 25 in a very high
yield. Finally, compound 26, which includes a shortened side-
chain compared to 1, was successfully obtained by the treatment
of 25 with hydrochloric acid. We also prepared another derivative
31 according to the procedure for the synthesis of 1. As depicted
in Scheme 9, compound 31 has a longer alkyl group (ethyl
group) at the a-position of the amide group instead of a methyl
group at the same position in 1. We then tried to evaluate the
efficacy of these novel derivatives, 26 and 31, based on SAR
studies of the side-chain in 1. We first determined the biological
activity of these derivatives for cell growth inhibition using
JFCR39. Figure 1 in the Supporting Information represents
fingerprints of the formerly prepared 1, the totally synthetic 1,
compound 26, and compound 31. The experimental conditions
and abbreviations are described in Figure 5. The logarithm of the
mean GIS0 values of compound 31 was —6.11, meaning that the
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Scheme 8. Preparation of a Novel Derivative 26°
a. TPAP (0.10 equiv.)

NMO;‘asodequlv) - cHO
TBSO,, i 1 f . TBSO.,,
CH;Glz {0.050 M) m/
0°C, 30 min H
I b. (EtO)P(O)CHZCO,EL
(3.0 equiv.),
; LHMDS (2.9 equiv.),
| THF (0.030 M),
|  -78°Ctort,14h
v (B4%, 2 steps)
EtO. .0
¢. 4 M LIOH
e
MeOH/THF
i, 14h
(99%)

d. amine 4 (10.0 aquiv.),
MNBA (1.5 equiv.),
DMAP (3.0 equiv.),
CHgCla (0.030 M),
13 h
(99%)

e. 12 M HCI

MeOH/THF
it 13h
(94%)

25 26

“Reagents and conditions: (a) TPAP, NMO, 4-A molecular sieves,
CH,Cl,, 0 °C, 30 min; (b) (EtO),P(O)CH,CO,Et, LHMDS, THF,
—78 °C to t, 14 h, 64% from 20a; (c) 4 M LiOH, MeOH, THF, rt, 14
h, 99%; (d) amine 4, MNBA, DMAP, CH,Cl,, rt, 13 h, 99%; (e) 12 M
HCI, MeOH, THF, rt, 13 h, 94%.

growth inhibition efficacy of compound 31 was about 10-fold
weaker than that of 1 and its efficacy of the growth inhibition was
moderate. The fingerprint of compound 31 significantly corre-
lated that of the formerly prepared 1 (correlation coefficient
r = 0.816). On the other hand, the logarithm of the mean GIS0
values of compound 26 was —4.02, suggesting that this com-
pound showed a very weak efficacy. There was no correlation
between the fingerprint of compound 26 and that of the formerly
prepared 1 (r = 0.117).

Next, we examined the Golgi disruption efficacy of the two
derivatives. The addition of compound 31 caused a release of
GBF1 into the cytoplasm as depicted in parts B and D of Figure 2
in the Supporting Information. However, no Golgi disruption
was observed at the concentration of 1 uM in the compound-26-
treated BSY-1 cells as depicted in Figure 2A of the Supporting
Information or 10 #M in the compound-26-treated HBC-4 cells
as depicted in Figure 2C of the Supporting Information.

The proliferation of BSY-1 or HBC-4 cells treated with drugs
(formerly prepared 1, the totally synthetic 1, compound 26, and
compound 31) was monitored as shown in parts A and B of
Figure 3 in the Supporting Information. Furthermore, the observed
Golgi disrupting efficacy of all drugs was shown in parts C and D
of Figure 3 in the Supporting Information. Modification of the
side-chain induced a wide range of biological efficacies. Compound
31 moderately inhibited cell growth (GISO value at 0.55 M
for HBC-4 and 0.19 uM for BSY-1) and disrupted the Golgi
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Scheme 9. Preparation of a Novel Derivative 317
0.0

a. DIBAL (2.5 equiv.)

CHClz (0.10 M)
0°°C, 10 min
93% 27
b. TPAP (0.10 equiv.), | c. (EtO):P{O)CHEICT,EL
NMO (3.0 equiv.), (3.0 equiv.),
MS 2 LHMDS (2.9 equiv.),
CH5Cly (0.050 M), THF (0.030 M),
0°C, 30 min -78°Ctort, 14h
(66%, 2 staps)
EtO._.0
d. 4 M LIOH
R
MeOHITHF
i, 24 h
(88%)

e. amine 4 (10.0 equiv.),
MNBA (1.5 equiv.),
DMAP (3.0 equiv.),
CH,Cly (0.030 M),
m13h
(98%)

=
I H
Na N.__.O

f. 12 M HCI
—
MeOH/THF
TB50, n,13h
(95%)
H
30 3

“Reagents and conditions: (a) DIBAL, CH,Cl,, 0 °C, 10 min, 93%;
(b) TPAP, NMO, 4-A molecular sieves, CH,Cl,, 0 °C, 30 min; (c)
(Et0),P(O)CHECO,Et, LHMDS, THF, ~78 °C to 1t, 14 h, 66% from
27; (d) 4 M LiOH, MeOH, THE, tt, 24 b, 98%; (¢) amine 4, MNBA,
DMAP, CH,Cl,, rt, 13 h; 98%; (£) 12 M HCl, MeOH, THE, rt, 13 b, 95%.

apparatus (ECS0 value at 0.85 M for HBC-4 and 0.34 uM for
BSY-1); however, compound 26 showed very weak biological activities
(both the GISO value and ECS0 value were above 10 uM).”*

B CONCLUSION

In summary, we have developed a convenient method for pre-
paring 1, a potentially promising new anticancer drug that
disrupts the Golgi system by inhibiting the Arfl activation. We
achieved this total synthesis through the stereoselective IMDA
reaction of the chiral linear precursor using Et,AICI as a Lewis-
acid activator. The stereoselectivity of the thermal or Me,AlCI-
mediated IMDA reaction was theoretically presumed by DFT
calculations, and the origins of the switching in the reaction
modes under these two conditions were plausibly accounted
for by a comparison between the relative Gibbs free energies of
those transition states in the IMDA reaction. From an assess-
ment of the global antitumor activity of the totally synthetic 1
against a variety of human cancer cells using a panel of 39 human
cancer cell lines, it was shown that the synthetic 1 strongly in-
hibited the growth of several cancer cell lines, such as BSY-1,
MDA-MB-231, SNB-75, KM-12, HT-29, NCI-H226, LOX-
IMVI, OVCAR-4, OVCAR-8, MKNI, and MKN45, at low
concentrations (less than 0.04 M for GIS0). An evaluation
of the biological activities of the synthetic 1 in two types of
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assessments revealed that our synthetic 1 has the same property
as the semisynthesized 1 derived from the original natural mole-
cule 2 (correlation coefficient r = 0.843). Through both the total
synthesis of 1 and identification of the synthetic 1 with the for-
merly prepared 1 regarding their biological activity, the structure
of the formerly prepared 1 has been unequivocally determined.
We further synthesized compound 26, which includes a short-
ened side-chain compared to 1, and another derivative 31, which
has a longer alkyl group at the a-position of the amide group
instead of a methyl group at the same position in 1. Compound
26 showed a very weak efficacy, and there was no correlation
between the fingerprint of compound 26 and that of 1 (r =
0.117). On the other hand, the growth inhibition efficacy of
compound 31 was about 10-fold weaker than that of 1 and its
fingerprint was significantly correlated to that of 1 (r = 0.816).
The large-scale production of 1 and its derivatives for the develop-
ment of novel anticancer drugs are now in progress in this
laboratory.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures; supplementary figures for the SAR
studies of AMF-26 derivatives 26 and 31; spectroscopic and
analytical data for all new compounds including copies of NMR
spectra; Cartesian coordinates of transition states. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Abstract

To overcome the heterogeneous nature of cancer, the search for potent anti-cancer
drug candidates with new modes of action is essential. For that purpose, we prepared
forty-eight Ridaifens (RIDs), a novel series of tamoxifen-derivatives. Then, we screened
them, searching for novel candidates for a new class of anti-cancer drug using a panel of
human cancer cell lines (JFCR39) and by a binding assay to estrogen receptor o (ERa).
First, the growth inhibition of the forty-eight RIDs against JFCR39 was evaluated. Forty
RIDs showed higher growth-inhibitory activity than that of tamoxifen. The
structure-activity relationship (SAR) study revealed that the aminoalkoxyphenyl groups
at the C-1 position and the common central ethylenic bond were important in retaining a
high level of growth-inhibitory activity. Subsequently, the ERa binding activity of all
the RIDs was measured by a competitive binding assay. The SAR study for ERa
binding activity indicated that both the phenyl group and the ethyl group at the C-2
position in the ethylenic bond were essential. Based on the screenings, we identified
RID-SB1 and RID-SBS8, which demonstrated potent tumor growth inhibition but had
completely lost ERa binding activity. Furthermore, the COMPARE analysis using
JFCR39 suggested that RID-SB1 and RID-SBS8 had different molecular modes of action
compared to those of the current anti-cancer drugs including tamoxifen. These results
indicate that RID-SB1 and RID-SBS are interesting candidates for novel anticancer

agents with unique modes of action.

Key words: tamoxifen-derivative;anti-cancer;JFCR39 panel;Ridaifen;novel mode of

action;Drug Discovery
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Introduction

Tamoxifen is an antagonist of the estrogen receptor (ER). It has been used as the
first-line agent for breast cancer for more than 30 years although competitive estrogen
inhibitors have been developed to treat hormonally responsive breast cancer 19 The
accumulative risk-benefit assessment of tamoxifen therapy has established its efficacy
and safety “®. Many studies of the action mode of tamoxifen have been done, which
have revealed that tamoxifen is not only an estrogen blocker but also a modulator of
various signaling proteins located in ER-independent biological pathways; for example
protein kinase C (PKC), calmodulin, transforming growth factor § and protooncogene
c-myc. Interestingly, it has been suggested that other molecules, such as caspases,
mitogen-activated protein kinases (MAPK), c-jun N-terminal kinase (JNK) and p38, are
involved in tamoxifen-induced apoptotic signaling " ®. These reports indicate that
tamoxifen potentially acts on multiple targets. Therefore, tamoxifen can be used as a
lead compound to produce a new generation of anti-cancer drug with a unique mode of
action, which will be used for other cancers in addition to breast cancer.

We developed a new efficient synthetic method for tamoxifen via a three-component
coupling reaction ”. Then we synthesized a series of tamoxifen derivatives, designated
as Ridaifens (RIDs), expecting that they would display a variety of biological activities.
As expected, we demonstrated the anti-tumor activity of three RIDs, RID-B, C, and D
19 In this study, we further modified the structure of tamoxifen, and obtained a new
series of RIDs consisting of forty-eight RIDs over three generations of modifications.

To identify anti-cancer drug candidates that have potentially unique modes of action,
we had previously established a panel of 39 human cancer cell lines, designated as
JFCR39, which was coupled to an anti-cancer drug activity database and a computer

algorithm COMPARE ''"'¥), This system provides rich and fundamental information on
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the pharmacological action modes of chemicals on cancer cells. The COMPARE
algorithm enabled us to identify novel drug candidates with potentially unique modes of
action compared to current anticancer drugs. Moreover, it sometimes predicted the
molecular targets or the modes of action of novel compounds. Indeed, by running the
JFCR39 system and COMPARE, we successfully identified novel anti-cancer agents,
such as a telomerase inhibitor (FJ-5002) ¥, a topoisomerase I /I inhibitor (MS247) '*,
a phosphatidylinositol 3-kinase inhibitor (ZSTK474) '*'®, a Golgi inhibitor (AMF-26)
') and so on.

In the present study, we screened the forty-eight RIDs with the JFCR39 panel to
identify compound that have potent growth-inhibitory activity and unique modes of
action. We also evaluated the RIDs for their estrogen receptor (ER) binding activity to
identify compounds which have lost ER binding activity. As a result, we found two
RIDs, RID-SB1 and RID-SBS8, that had potent growth-inhibitory activity against

JFCR39 and had lost ERa binding activity.
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Materials and methods
Chemicals

Forty-eight RIDs were synthesized over three generations of modifications. The
1¥-generation of RIDs is shown in Fig. 1A. When aminoalkyl group R of the RID was
R, RE, RS, RP, RE, RF, RC or RY, each derivative was named as RID-A, RID-B, RID-C,
RID-D, RID-E, RID-F, RID-G or RID-H, respectively. The 2"-generation RIDs are
based on modifications of the ethylene moiety in the 1¥-generation RIDs (Fig. 1B).
There are two types of the 2"%-generation RIDs, which include R® or R for the
aminoalkyl group R. For example, RID-SB1 has aminoalkyl group R® as a side-chain
and RID-SG1 has aminoalkyl group R as a side-chain. The 3™-generation RIDs
possess two identical alkyl chains (= C; (propyl) group) at the C-2 position, giving rise
to symmetrical structures. There are three types of the 3“1-generation RIDs, bearing R,
RF or RO for the aminoalkyl group R (Fig. 1C). 4-hydroxytamoxifen and tamoxifen
were purchased from Sigma (St. Louis, USA). The physical properties of RID-SB1 and
RID-SB8 and their 'H- and "“C-NMR charts were indicated in Supplemental
information 1.
Cell lines

A panel of 39 human cancer cell lines, known as JFCR39, containing the following
cell lines: lung cancer, NCI-H23, NCI-H226, NCI-H522, NCI-H460, A549, DMS273
and DMS 114; colorectal cancer, HCC-2998, KM-12, HT-29, HCT-15 and HCT-116,
gastric cancer, MKN-1, MKN-7, MKN-28, MKN-45, MKN-74, St-4; ovarian cancer,
OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8 and SK-OV-3; breast cancer, BSY-1,
HBC-4, HBC-5, MDA-MB-231 and MCF-7; renal cancer, RXF-631L and ACHN;
melanoma, LOX-IMVI; glioma, U251, SF-295, SF539, SF268, SNB75 and SNB7S;

prostate cancer, DU-145 and PC-3 , was used as described previously (1-3). All the cell
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lines were cultured in RPMI 1640 medium supplemented with 5% (v/v) fetal bovine
serum, penicillin (100 U/ml) and streptomycin (100 mg/ml) at 37°C in a humidified
atmosphere containing 5% (v/v) CO,,
Determination of Cell Growth Inhibition Profiles (Fingerprint)

Inhibition of cell growth was assessed by the change in total cellular protein
following 48 h of treatment with a given test compound, and was measured using the
sulforhodamine B (SRB) assay as described previously 2. The 50% growth inhibition

(Glso) value of the drug was calculated as described previously *V.

A graphic
representation (termed fingerprint) of the differential growth inhibition of each
compound for the cells in the JFCR39 panel was plotted based on a calculation
employing a set of Glso values *2.
COMPARE Analysis

We used COMPARE analysis to assess two compounds for the similarity of their
mode of action based on their fingerprints. COMPARE analysis was performed by
calculating the Pearson correlation coefficient (r) between the GIso mean graphs of the
compounds X and Y using the following formula: r = (E(xi-xm)(y,--ym));’(E(xi-xm)‘j‘Z
(Vi-ym)®)"?, where x; and y; are LogGlso of the two compounds, respectively, for each
cell line, and X, and yy, are the mean values of x; and y;, respectively (n = 39) 22 The
Pearson correlation coefficients were used to determine the degree of similarity. The
greater the coefficient is, the higher the similarity between X and Y.
Estrogen receptor binding affinity assay

The ERa binding affinity assay was performed using recombinant ERa (Thermo,
Massachusetts, USA) and the HitHunter Enzyme Fragment Complementary (EFC)
Estrogen Receptor Assay kit (Discoverx Corporation, Fremont, CA) according to the

12

manufacturer's protocol “”. HitHunter EFC technology is based on a genetically
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engineered [-galactosidase enzyme that consists of two fragments termed enzyme
acceptor (EA) and enzyme donor conjugated with estradiol (ED-estradiol). Briefly,
different concentrations of RIDs were added to wells containing recombinant ERo and
ED-estradiol in a 384-well white plate and incubated for 1.5 h. ED-estradiol competes
with RIDs in binding to ER. Any unbound ED-estradiol conjugates with EA to form an
active -galactosidase enzyme, which subsequently hydrolyzes the fluorescent substrate
for luminescent detection by a microplate reader (Bio-Rad, California, USA). The
excitation wavelength is 530 nm and luminosity is detected at 620 nm. The competition
activity was calculated using the following formula: percent competition = (X-positive
ER control)/(negative ER control-positive ER control)x100%, where X is the value of
luminescent detection of RIDs. A standard curve of estradiol was run in parallel. All

assays were performed in triplicates.
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Results
Growth-inhibitory activities of RIDs against JFCR39

The growth-inhibitory activities of forty-eight RIDs against JFCR39 were determined
by SRB assay as described in Materials and methods. Fig. 2 shows the dose response
curves of the cells in the JFCR39 panel against tamoxifen and RID-SB1 as examples.
The concentration at which the cell growth is inhibited by 50% represents Glsp.
Supplemental information 2 summarizes the Glso values of the forty-eight RIDs against
each cancer cell line in JFCR39. The mean value of Glso over all 39 cell lines
(designated as MG-MID) is summarized in Table 1. The MG-MID of the RIDs ranged
from 0.85 uM (RID-G) to 43.7 uM (RID-SB4). Based on the MG-MID, we found that
forty of the forty-eight RIDs showed higher proliferation inhibition than tamoxifen
(MG-MID = 7.41 uM).

The 1%-generation RIDs each have a pair of identical substituents (-OR) on the
phenyl groups bound to the central ethylene moiety at the C-1 position (Fig. 1A). Here,
the aminoalkoxy substituents were modified without changing the structures of the third
phenyl group and the ethyl group at the C-2 position. The 1¥-generation RIDs all
showed higher anti-tumor activity than tamoxifen, except RID-D (MG-MID = 14.8 pM).
These results indicate that the modifications of aminoalkyl group R with R*~R™ except
R enhanced the growth-inhibitory activity.

All the 2™- and 3™-generation RIDs have two identical aminoalkoxy substituents on
both phenyl groups at the C-1 position (Fig. 1B and 1C). We selected a number of
representative aminoalkyl groups for the generation of further variations of RIDs (R =
R® or RY in the 2“d-generati0n; R = R®, RF or RY in the 3™-generation). The central
ethylenic bond was then either removed (S4 type in Fig. 1B), or modified with two

substituents at the C-2 position. The S4 type RIDs showed remarkably reduced
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activities compared to tamoxifen (MG-MID = 7.41 uM) and all other RIDs. The
MG-MIDs of RID-SB4 and RID-SG4 were 43.7 uM and 26.3 pM, respectively (Table
1). These results indicate that the central ethylenic bond is important for enhancing
growth-inhibitory activity. On the other hand, most of the RIDs with modifications to
the two C-2 substituents on the central ethylene bond did not exhibit a significant
change in their growth-inhibitory activity compared to 1% -generation RIDs. The
3".generation RIDs have completely symmetrical structures, in which two identical
alkyl chains of various lengths (C3~C6) are bound to the central ethylenic moiety. Most
of them retain high levels of growth-inhibitory activity.

Each test compound was further characterized by its Glsy profile across JFCR39,
which was designated as “fingerprint”. For example, the fingerprints of tamoxifen and
RID-SB1 and RID-SB8 (Supplemental information 1) were shown in Fig. 3. According
to the analysis by COMPARE, the correlation coefficients between the fingerprints of
tamoxifen and RID-SB1, and between tamoxifen and RID-SB8 were 0.199 and 0.318,
respectively. These results suggest that RID-SB1 and RID-SB8 are different from
tamoxifen with respect to their mode of action. Indeed, these two RIDs exhibited no
ERa binding activity (see below).

ERa. binding activities of RIDs

The ERa binding activity of the forty-eight RIDs was determined by the competitive
binding of ED-Estradiol to ERa. The competitive binding curves of estradiol (positive
control), tamoxifen and 4-hydroxytamoxifen are shown in Fig. 4. The y-axis indicates
the percent inhibition of ED-Estradiol binding to ERa.. Among the RIDs, RID-G and
RID-SBI indicated the strongest and the lowest ERa binding activity, respectively (Fig.
4).

The ICso values of all of the RIDs are shown in Table 1. The relationship between
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chemical structure and ERo binding activity was studied here. The 1%-generation RIDs
(RID-A~H) with the various substituents on the phenyl rings at the C-1 position yielded
ICs values ranging from 26.6 (RID-G) to 320 nM (RID-E) (Table 1). These results
indicated that the structures of substituents on the phenyl rings at the C-1 position in
RIDs considerably affected the binding activity to ERa.. RID-G showed ERa binding
activity almost equal to tamoxifen. However, no RID compound surpassed
4-hydroxytamoxifen, an active form of tamoxifen, in ERa binding activity.

An interesting finding was observed in the ERo binding activities of the
2"_generation RIDs. These RIDs were used to study the importance of the substituents
around the C-2 position of the central ethylenic bond while retaining the two aromatic
rings with identical aminoalkoxy groups at C-1. It was observed that the eight RIDs,
RID-SB1, SB2, SB3 SB4, SG1, SG2, SG3 and SG4, had completely lost ERa binding
activity. Structurally, these RIDs had lost either one or both of the phenyl group or the
ethyl group at the C-2 position. These results clearly indicate that the phenyl and ethyl
group at the C-2 position in the ethylenic bond are essential. The impact of
modifications of the substituents around the ethylenic bond (RID-SB7 to SB16 and
RID-SG7 to SG16) was also examined. The ERa binding activity varied significantly
(23.89 ~ > 10000) depending on the modification. A trend was observed whereby the
RIDs having more bulky structures around the double bond (RID-SB7 to SB12 and SG7
to SG12) displayed higher ERa binding activities (Table 1).

The 3™-generation RIDs (RID-SG22, SG23, SG17, SG24, SB22, SB23, SB17, SB24,
SF22, SF23, SF17 and SF24) (Fig.1C) and some of the 2™-generation RIDs (RID-SG9,
SG10, SB9, SB10, SF9 and SF10) (Fig.1B) have symmetrical structures. These RIDs
showed lower ER binding activity in comparison to the 1¥-generation RIDs (Table 1).

RID-SG22, SG23, SG17, SG24, SB22, SB23, SB17, SB24, SF22, SF23, SF17 and
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SF24 (3’d-generation RIDs, Fig. 1C) have longer alkyl chains (= C; (propyl) group) than
RID-SG9, SG10, SB9, SB10, SF9 and SF10 (2"%-generation, Fig. 1B), and exhibited
greater activities than RID-SG9, SG10, SB9, SB10, SF9 and SF10.
Two RIDs with notably high ER-independent anti-tumor activities

To evaluate the RIDs in terms of growth-inhibitory activity and ERa binding activity,
a scattergram of growth inhibition (x-axis) and ERa binding activity (y-axis) for the
RIDs was drawn (Fig. 5). Each spot represents one RID compound and both activities
varied over a wide range. Here, we focused on two RIDs, RID-SB1 and RID-SBS8
(Supporting Information 1), that had both completely lost ERa binding activity, while
exhibiting the high levels of growth-inhibitory activity, suggestive that they inhibited
the cell growth via an ER-independent mechanism. To confirm this point, we examined
the fingerprints of the two RIDs (Fig. 3). The COMPARE analysis of RID-SB1 and
RID-SBS revealed that both of them showed a very weak correlation coefficient (r <
0.4) with tamoxifen (Table 2). These results suggest that both RID-SB1 and RID-SB&8
have a different pharmacological mode of action to that of tamoxifen.
COMPARE analysis of RID-SB1 and RID-SB8

We previously established the JFCR39 drug database and COMPARE analysis and
demonstrated that this system is a powerful tool for use in identifying the molecular
targets or pharmacological modes of action of novel compounds '""'*. The JFCR 39
drug database integrates the fingerprints of reference compounds including 87 standard
drugs currently used in clinic and more than 1100 inhibitors of various enzymes and
biological pathway. To investigate the possible modes of action of RID-SB1 and
RID-SBS, we carried out the COMPARE analysis. The two RIDs did not correlate with
any currently used anti-cancer drugs (r < 0.4). Table 2 summarized the top three

reference compounds, which were extracted from the database due to the similarity of
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their fingerprint profiles to RID-SB1 or RID-SB&. It was indicated that RID-SB1 was
most similar to NVP-AEW541 (IGF-1R inhibitor), Bortezomib (proteasome inhibitor)
and RDEA119 (MEK inhibitor). RID-SB8 was most similar to PB28 dihydrochloride
(sigma-2 receptor agonist), MEK inhibitor I (MEK inhibitor) and Raf 1 Kinase Inhibitor
I (Raf 1 kinase inhibitor). Although the correlation coefficients were not high enough,

the targets of these reference compounds could be the targets of RID-SB1 or RID-SBS.
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