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Abstract—A library of new thalidomide analogues containing an olefin functionality were synthesised using a Heck cross coupling
reaction from their aryl halogenated precursor. All analogues were tested for their ability to inhibit the synthesis of the proinflam-
matory cytokine Tumour Necrosis Factor (TNF). Compounds 22, 29, 33 and 37 were the most effective in this assay inhibiting TNF

expression 50%, 69%, 52% and 50%, respectively.

Crown copyright © 2007 Published by Elsevier Ltd. All rights reserved.

Since its discovery, thalidomide [(R,S)-2-(2,6-Dioxo-3-
piperidinyl)-1 H-isoindole-1,3(2H)-dione (1) (Fig. 1)]
has had a tumultuous history as a medicinal agent.
Administered in the 1950s as a treatment for insomnia
and as an antiemetic agent, the racemic compound 1
was assumed to be non-toxic compared to the other
existing sedative drugs, the barbiturates. Later investiga-
tions found that while the R-isomer (at C3’) (R)-1 was
responsible for the sedative effect the S-isomer (S)-1
had teratogenic properties.'—

Alternative uses for thalidomide began in 1965, when
Jacob Sheskin administered thalidomide (1) as a seda-
tive to remarkably improve skin lesions of leprosy
patients suffering from erythema nodosum leprosum
(ENL).* In 1998, Celgene received FDA approval to
use thalidomide (1) (Thalomid™) for the treatment of
ENL.> More recently thalidomide (1) has been con-
nected with the treatment of rheumatoid arthritis,®’
Behget’s disease,” Crohn’s disease,® HIV/AIDS related
illnesses,® mesothelioma,” and multiple myeloma.3

Thalidomide (1) appears to be a multi-target drug that
impinges on a number of seemingly distinct cellular pro-
cesses including peptidase inhibition, glucosidase inhibi-
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Figure 1. Thalidomide 1.

tion, androgen receptor antagonism and more recently
(cyclooxygenase) COX inhibition.! However, the pre-
cise mechanism of action of thalidomide (1) has been
difficult to determine primarily due to its differing
in vitro versus in vivo activities that are thought to result
from the formation of numerous metabolic breakdown
products in vivo. One of the most studied biological
activities influenced by thalidomide (1), is the inhibition
of the expression of the proinflammatory cytokine,
tumour necrosis factor (TNF).> TNF is a central
regulator of the inflammatory cascade controlling many
effector pathways, the main being anti-angiogenic, anti-
inflammatory and immunomodulatory. The molecular
mode of action of thalidomide (1) on TNF expression
is thought to involve the inflammatory NF«B signalling
pathway, specifically inhibiting the activity of the IxB
kinase, IKKa.!! As part of our current study into small
molecule inhibitors of TNF expression, we decided to
screen new thalidomide analogues for enhanced ability
to specifically inhibit the NFxB pathway.
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A small number of thalidomide (1) analogues have been
synthesised by attaching functional groups to the thalid-
omide (1) ring system. For example, the more water-sol-
uble C5-carboxylic acid derivative of thalidomide
displayed an improvement in (bFGF) growth factor
inhibition. 2 In other assays, the C5-hydroxy-thalido-
mide caused a loss in activity when compared to the
inhibition level of thalidomide (1) itself.!*> The two mar-
keted drugs, Revimid™ and Actimid™,>!# containing
amino groups bound to the left-hand aryl ring have
shown excellent activity in several assays including
TNF expression inhibition, and as such, have been mar-
keted as immunomodulatory drugs (iMiDs).? Neverthe-
less, a literature search reveals few analogues which
possess significant modifications of thalidomide’s
phthalimide ring system, other than by the addition of
-NH,, -NO,, -OH and —CO,H functionalities at the
C4 and CS5 positions (2, Fig. 2). This paper illustrates
the efficient production of a new series of thalidomide
analogues, many containing olefin functionality, as well
as the biological evaluation of these products using an
assay involving the inhibition of expression of a TNF re-
porter gene.

As an accompanying part of this study, a second series
of compounds were also targeted, those thalidomide
derivatives containing a simplified aryl ring system in-
stead of the piperidine-2,6-dione ring (3, Fig. 2). Such
substituted N-phenylphthalimides are of high interest
because they have been found to be inhibitors of
TNF,!> COX!? and have tubulin binding properties.'®
At present none of the generic compounds 2 or 3 have
been subjected to assays that specifically target NFkB
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Figure 2. Target thalidomide analogues 2 and 3.
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signalling through the TNF promoter. This study also
serves to obtain better knowledge of the as yet unknown
mode of action of thalidomide (1) and related
analogues.

Two halogenated compounds 4 and 5 (Scheme 3) were
targeted as starting materials in order to access a series
of C4 and C5 analogues, which also contain the essential
thalidomide (1) backbone. It was proposed that this aryl
halogenation could serve as a handle for installation of
other functional groups through utilisation of a Heck
cross coupling reaction.!” This modern transformation
is not only mild, but highly selective, as it is compatible
with a large range of functionalities as illustrated in its
use in the total synthesis of a large number of more com-
plex natural products.'® Through the C-C cross cou-
pling Heck reaction a myriad of commercially
available olefins can be connected.

The synthesis of thalidomide (1) and related analogues
began with the construction of the piperidine-2,6-dione
ring. Thus, the reactive trifluoroacetic acid salt of
aminoglutaramide 8 was synthesised in two steps from
the commercially available zert-butoxycarbonyl-L-gluta-
mide 6 in, ca. 72% yield, following the procedure of
Muller or Brown (Scheme 1).!° This ring system then
served as a condensation partner for the phthalic anhy-
drides (9, 10 and14, Scheme 3). The iodinated phthalic
anhydride 10 was synthesised from 2,3-dimethylaniline
11 (Scheme 2). Following a similar procedure to that
of Kayser,?° iodination of 11, through a modified Sand-
meyer protocol, provided iodobenzene 12 in reasonable
yields (49%). A potassium permanganate mediated ben-
zylic oxidation of 12 furnished the diacid 13 which upon
treatment with acetic anhydride gave the C-4 iodophtha-
lic anhydride 10. The third condensation partner, 5-
bromophthalic anhydride 9, was purchased from Wako
Chemicals.?!

The condensation of phthalic anhydride (14) with the
amine of the trifluoroacetic acid salt 8 provided thalido-
mide (1) in reasonable yields (55%) which was used as a
standard in our TNF inhibition assay (Scheme 3). Sim-
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Scheme 1. Synthesis of piperidine-2,6-dione 8. Reagents and conditions: (i) CDI, 4-DMAP, THF, reflux, 24 h, 76%; (ii) 1:1 TFA/DCM, 22 °C, 1 h,

95% CDI, 1,1’-carbonyldiimidazole and TFA, Trifluoroacetic acid.
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Scheme 2. Synthesis of 3-iodophthalic anhydride 10. Reagents and conditions: (i) a—H,0, HCI conc, NaNO,, —15 °C; b—KI (aq), 49%; (ii) H,O,

KMnOy, 80 °C, 4 days, 51%; (iii) Ac,0, reflux, 3 h, 70%.
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Scheme 3. Synthesis of thalidomide 1, Iodo- 4 and bromothalidomide
5. Reagents and conditions: (i, ii, iii) 8, THF, Et;N, 80 °C, 24 h, 49—
61%.

ilarly, condensation of salt 8 and the corresponding
iodinated phthalic anhydride 10 produced the phthali-
mide 4 in 61% yield. The final thalidomide (1) based
Heck reaction precursor, 5-bromothalidomide 5, was
also produced through the same methodology in 49%
yield.

The synthesis of the N-phenyl-phthalimides containing
either the ortho-(15), meta-(16) or para-(17) iodide was
carried out by condensation of phthalic anhydride and
the respective anilines (Scheme 4). Generally, the yields
of these condensations (60-88%) were higher than their
amino piperidine-2,6-dione 8 counterparts.

The Heck reaction of the five precursors (4, 5, 15, 16 and
17) and a range of olefins with various functionalities
generally proceeded in an efficient manner to afford
the alkenes 18 and 19 (Schemes 5 and 6).2 The two cat-
alytic conditions trailled were those developed by Fu,
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Scheme 4. Synthesis of the iodo-N-phenyl-phtalimides 15-17.
Reagents and conditions: (i) 2-lodoaniline, toluene, 115°C, 23 h,
60%; (ii) 3-Iodoaniline, toluene, 115 °C, 24 h, 88%; (iii) 4-lodoaniline,
toluene, 115 °C, 24 h, 53%.
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Scheme 5. Heck reaction of iodo and bromo thalidomides 4 and 5.
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[Pd»(dba)s;, HP(z-Bu);BF,, Cy,NMe] and Hermann/Bel-
ler [palladacycle, (-Bu)sNOAc].?3174:24 The olefins con-
taining an electron-withdrawing group, as expected,
produced larger quantities of the desired thalidomide
analogues (ca. 70% yield). Advantageously, under these
electron-rich phosphine catalytic conditions,?* the elec-
tron-donating olefins also produced the desired ana-
logues in reasonable yields (ca. 55%). Examination of
general reactivity of all iodoaryl or bromoaryl substrates
suggests that the most reactive substrate was the elec-
tron poor C-4 iodothalidomide 4. Oppositely, the
ortho-iodo-N-arylphthalic anhydride 15 is the least reac-
tive, supposedly due to steric effects and slightly elec-
tron-rich nature of the iodoaryl ring.

To effectively measure inhibition of NFkB pathway sig-
nalling by each analogue, a TNF transcriptional repor-
ter cell line was used. The green fluorescent protein
(GFP) reporter gene, under the control of the NF«B-
responsive human TNF promoter, was inserted into
the genome of the human T cell line, Jurkat to generate
a transcriptional reporter line, FRT-Jurkat TNF, as pre-
viously described.?>>® GFP expression, as a measure of
TNF promoter activity, was quantitated by flow cytom-
etry by measuring the fluorescence intensity of individ-
ual cells. This method had the added advantage of
being able to easily assess cellular toxicity of each com-
pound, by comparing forward and side scatter (as a
measure of cellular size and granularity) during flow
cytometry. The cell population in each assay that exhib-
ited low granularity was considered to be dead. This was
confirmed by staining with propidium iodide. All thalid-
omide and N-phenylphthalimide derivatives were
assayed in triplicate at concentrations of 100 pM and
the percentage inhibition of TNF expression (relative
to TNF expression from solvent treated control cells)
for each compound measured.

The results of the biological screening illustrate many
analogues which exhibited a higher inhibition of TNF
expression than thalidomide (1). Compounds containing
an olefinic attachment on the aryl ring of thalidomide as
well as halogenated thalidomide precursors are shown in
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Scheme 6. Heck reaction of N-phenylphthalimides 15-17.
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Table 1. The data imply that an oxygen atom directly at-
tached to the C4 or CS5 olefin provides an enhanced
inhibitory quality. When assayed at 100 puM concentra-
tions substrate 22 containing a furan attachment at C4
displays a 50% TNF production inhibition while the
O-Butyl analogue 23 shows a 47% inhibition. In com-
parison, thalidomide (1) at the same concentration has
a 38% inhibition. Remarkably derivative 29, containing
an O-Butyl group at C5, shows astonishing TNF expres-
sion inhibition at 69%, however this compound, unlike
all of the other derivatives, displays high cytotoxicity
at 100 uM (Fig. 3).

As a general rule, compounds containing an electron-
withdrawing substituent at C4 or C5 in the form of an
ester 20, 26 or cyclic ketone 25 and 31 inhibited TNF
expression to a similar to or slightly lesser extent than
thalidomide (1) itself. Increasing the size of the C4 or
C5 conjugated ester from CO,Me to CO,Bu (20 — 21
or 26 — 27) slightly improved the inhibitory activity.
Interestingly, the halogenated analogues 4 and 5 (which
could block carbon sites of further hydroxylation) failed
to have any influence on the inhibition of TNF expres-
sion in comparison to thalidomide (1) itself. This result
coupled with the other entries suggests that additional
functionalities at C4 and C5 either enhance the inhibi-
tion of TNF expression or have the similar inhibitory
qualities as thalidomide (1) itself.

Derivatives of the N-arylphthalimide (Table 2) also pro-
vide valuable insight into the type of substitution require
for enhanced inhibition of TNF expression. Specifically,
ortho substitution (or C2') provided enhanced inhibitory
qualities when compared to thalidomide (1) at 100 uM.
Tododerivative 15 and methyl or butyl esters (32 and 33)
displayed a 40%, 48% and 52% inhibition respectively,
compared to thalidomide (1) at 38% (Table 2). With
these three groups the C2’ substitution provides a
slightly better inhibitory activity as opposed to C3’
and C4'. This improvement mirrors results by Hashim-
oto?” and Barreiro'>® which have seen TNF expression
reduction when examining the methyl and isopropyl
derivatives of thalidomide (1).

Similarly, as with the first set of derivatives (Table 1),
the vinyl O-butyl ethers (34, 38 and 44) all have an im-
proved activity when compared to thalidomide (1) itself.
The meta-substituted 2-cyclohexen-1-one 40 also shows
promising TNF inhibitory activity at 47%.®

Through our initial studies, the greatest inhibitor of
TNF expression, vinyl butyl ether 29, was selected for
additional studies due to the large degree of cell death
that was apparent when analysing the flow cytometry
data (Fig. 3a). It should be noted that compound 29
was the only such compound in this study which dis-
played a high degree of cytotoxicity at 100 uM. To
determine whether lower concentrations of compound
29 showed similar levels of TNF inhibition without the
cytotoxic effects, the consequences of different doses
over time were assessed. At the four concentrations
tested (1, 10, 50 and 100 uM) it was clear that the inhi-
bition of gene expression increased over time. At 30-h

Table 1. C4 and CS5 thalidomide analogues and their inhibition of
tumour necrosis factor (TNF) expression

1o o H
AN . N1
| > N o}
5 A M H 5
R o)
Compound R (carbon substitution) % Inhibition™ p value®
Thalidomide 1 H 38 —
4 I (C4) 37 0.1587
MeQ
20 ;):0 (C4) 40 0.4961
vad
BuO
21 ;):O (C4) 44 0.0068
vad
¥ _0
22 U (C4) 50 0.0207
BuO b
23 \— (4 47 0.0023
0
24 i\ (C4) 38 0.2519
/ N
-$
o)
25 ﬁj(a) 38 0.462
5 Br (C5) 35 0.1334
MeQO
26 ;):O (C5) 39 0.8013
Vad
BuO
27 ;):0 (C5) 42 0.2318
¥ _0
28 # U (C5) 40 0.0542
BuO b
29 \—_ (C5) 69 0.0169
0
30 N (C5) 36 0.0441
_éf
o)

31 ﬁj (C5) 35 0.0472

#The assay was carried out at a concentration of 100 uM using the
TNF promoter reporter line.

®Due to stereoselectivity of the Heck reaction as well as difficulties
associated with isomer separation these compounds were tested as a
mixture of 1,2-E and Z isomers, compound 23 E:Z — 2.6: 1; com-
pound 29 E:Z — 2.9:1.

¢ All compounds were assayed in triplicate and as a racemic mixture.

4The p values which have a significant difference compared to tha-
lidomide 1 (p < 0.05) are shown in italics. Significance was estimated
using the unpaired Student’s 7-test.
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Figure 3. Biological effects of compound 29. The effect of compound
29 on inhibition of TNF expression and cellular viability was assessed
using the FRT-Jurkat TNF reporter cell line. (a) Viable and non-viable
cells present following either the solvent dimethylsulfoxide alone
(DMSO) or compound 29 treatment, were counted by gating on each
cell population using a forward scatter (FSC) versus side scatter (SSC)
plot. Cells were analysed using an EPICS XL™ flow cytometer
(Beckman Coulter, Fullerton, CA, USA). Data analysis was performed
using FlowJo software (TreeStar, Ashland, OR, USA). (b) Percentage
inhibition of TNF expression over a 30-h time period was assessed
following addition of compound 29 at different concentrations.
Inhibition was determined as a change in GFP fluorescence which
was detected at a wavelength of 515 nm on the FL3 channel of the
instrument. (c¢) The percentage of viable cells was determined (as
outlined in A) at the concentrations shown, over the 30 h compound 29
treatment period.

incubation, there was a dose-dependent increase in inhi-
bition, although the percent inhibition at the lower two
concentrations was not significantly different to thalido-
mide (I) itself (Fig. 3b). The effects of concentration of
compound 29 on the levels of cellular viability also were
investigated in the same experiment (Fig. 3c). The results
indicated that at lower doses of compound 29 (1 uM and
10 pM), cellular viability was very high and was close to
100% at 1 uM. Investigations are underway to determine
the mode of action of this unique derivative.

In summary, this study provides an excellent platform
for constructing and testing new thalidomide analogues.

Table 2. C2’, C3’ and C4' N-aryl phthalimide analogues and their
inhibition of tumour necrosis factor (TNF) expression

(0]
N{\/>4'
o ° R

Compound R (carbon substitution) % Inhibition®™® p value®

1 Thalidomide 38 —
15 I(C2) 40 0.3992
MeQO
32 ;):0 (2" 48 0.0101
Yad
BuQ
33 ;):O (€2 52 0.0013
Yae
BuQ b
34 \— (C2) 47 0.0019
16 I1(C3) 37 0.3000
MeQ
35 ;):O (C3") 44 0.0214
vl
BuQ

36 ;):O (C3) 35 0.1018

nAR

/
¥_Q
37 U (C3") 50 0.0121

BuO b
38 \— (C3) 49 0.0052
o]
39 e 36 0.4506
,SfN
o]
40 Jﬁj (C3") 47 0.0041
17 I (C4") 36 0.2062
MeQ
43 ;):O (c4") 41 0.1332
VAl
BuQ
44 ;):O (C4 35 0.1853
Vil
-0
45 U (c4') 38 0.4506
BuQ b
46 \— (C4) 48 0.3198

#The assay was carried out at a concentration of 100 uM using the
TNF promoter reporter line.

®Due to stereoselectivity of the Heck reaction as well as difficulties
associated with isomer separation these compounds were tested as a
mixture of 1,2-E and Z isomers, compound 34 E:Z — 5.2:1; com-
pound 38 E:Z 2.1:1; compound 46 E: Z 1.5:1.

¢ All compounds were assayed in triplicate and as a racemic mixture.

9The p values which have a significant difference compared to tha-
lidomide 1 (p < 0.05) are shown in italics. Significance was estimated
using the unpaired Student’s z-test.
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This method for the analysis of thalidomide analogues
provides an accurate, simple and more targeted method
for the determination of the effects on signalling through
the NFkB inflammatory pathway as measured by inhibi-
tion of TNF transcriptional activity, with the added
advantage of concurrently assessing cytotoxicity of each
derivative. The Heck cross coupling was proven to be an
excellent method for the attachment of olefins to the
thalidomide and phthalimide ring frameworks. Of the
newly produced analogues the compounds 22, 29, 33
and 37 which had a TNF expression inhibitory activity
50%, 69%, 52% and 50%, respectively, showed the great-
est potential.

At varying concentrations the O-Bu derivative 29 re-
mains a better TNF expression inhibitor than thalido-
mide itself. At 10 uM the inhibition drops to 52%
while thalidomide (1) is at 35%. At 1 pM, inhibition
due to derivative 29 and thalidomide (1) is closer, at
32% and 31%, respectively.
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