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ABSTRACT: Dihydro-f-erythroidine (DHSE) is a member of the Erythrina
family of alkaloids and a potent competitive antagonist of the @4/2-subtype of the
nicotinic acetylcholine receptors (nAChRs). Guided by an X-ray structure of
DHPE in complex with an ACh binding protein, we detail the design, synthesis,
and pharmacological characterization of a series of DHSE analogues in which two

DHBE

simple DHBE analogue

of the four rings in the natural product has been excluded. We found that the
direct analogue of DHAE maintains affinity for the a4/32-subtype, but further modifications of the simplified analogues were

detrimental to their activities on the nAChRs.
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he neuronal nicotinic acetylcholine receptors (nAChRs)

have been extensively explored as putative drug targets for
a diverse array of medical conditions in relation to the central
nervous system (CNS). Generally speaking, the vast majority of
the existing ligands for the neuronal nAChRs to date are
agonists, partial agonists, or modulators, and in contrast, much
less research has been directed toward antagonists.l_5 This is
somewhat surprising since competitive as well as non-
competitive antagonists of the nAChRs has been indicated as
targets for several therapeutic applications including autism (for
which there is currently no efficient treatment), pain,
depression, and drug and tobacco dependency.”'' The
serotonin and/or the norepinephrine systems are the primary
targets for the existing antidepressants, but recently the
possibility of treating depression with nAChR antagonists has
been explored.” ™' An in vivo study in mice (forced swim and
mouse suspension) have demonstrated antidepressive effects
for antagonists (like dihydro-f-erythroidine (DHSE), mecamyl-
amine, and MLA) and no effects for agonists (like nicotine),
which further strengthens the argument for the development of
antidepressant therapeutics from nAChR antagonists."> Most of
the available selective nAChR antagonists are natural products
with a pronounced complexity and size that makes them
unsuitable as lead compounds for drug discovery. DHJE is a
member of the Erythrina alkaloids, which were isolated from
Erythrina species in the end of the 19th century, and the
majority of this family possess neuromuscular blocking effect.
DHJE is one of the most potent nAChR antagonists of this
class and displays selectivity for the a4f32 subtype (with a
binding affinity of 0.82 4M at the receptor in a [*H]epibatidine
binding assay), and the compound has been employed as a
pharmacological tool in a variety of in vitro and in vivo
studies.'*'*
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DHpE has found applications in humans as well, as an orally
administered muscle relaxant in the treatment of Parkinson’s
disease, for treatment of spastic disorders, and in the treatment
of muscular spasms related to tetanus.'®'” In general, DHSE
has potential efficacy for the treatment of depression,'® and
even though DHpE is a reference antagonist for the a4/2
nAChR, no comprehensive structure—activity relationship
(SAR) of DHfE has been reported so far. With its unique
tetracyclic spiroamine scaffold, DHSE seemed to be a suitable
template to create a SAR of simpler derivatives in order to
develop small subtype selective nAChR antagonists. A recently
published X-ray structure of the acetylcholine binding protein
(AChBP) in complex with DHBE" has revealed two key
pharmacophoric elements of DHSE (Chart 1a): The methoxy
group in the A ring, which interacts via hydrogen bonding with
a tightly bound water molecule in the protein, and the
protonated amine, which hydrogen bonds directly with the
backbone of the protein. These results indicate that the key
pharmacophoric elements are located in the A ring and the B/C
ring, whereas it was previously suggested that the binding
interactions were found in the C and D rings.”® We recently
published a SAR on the CD ring system of the aromatic
erythrinanes, and while reducing the complexity, we were able
to retain affinity, subtype specificity, and function for
competitive antagonists in the analogues.”’ Moreover, the
lead compound from this series of analogues was shown to
possess antidepressant-like effect in vivo.”!

In view of these promising results, we set out to investigate
the AB ring system in greater detail. Our strategy was to
“deconstruct” the DHE framework by excluding rings C and
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Chart 1. DHPE and Related Structures”

Ligands targeted in this study:

.
/
.
R

DHpE-analogue (2)

<©

THRE-analogue (1)

BE-analogue (3)

“The K; values for a4f2 are obtained from a rat membrane
[*H]cytisine binding assay.”>

D and thus retain the key pharmacophores of the A and B rings,
as indicated in the X-ray structure. Previous studies featuring
direct comparison of the parent natural products (Chart 1b)
with none, one, and two double bonds (ie., S-erythroidine
(BE), dihydro-B-erythroidine (DHpE), and tetrahydro-f-
erythroidine (THPE)) indicate that the saturation state of the
carbon framework has a significant impact on the nAChR
affinities of the compounds.”” Erythrinanes with a fully
saturated AB ring system (as in THPE, which is available via
hydrogenation of DHfE) are yet to be isolated from natural
sources, whereas the di-unsaturated AB-ring system (as in fE)
is also present in a number of aromatic Erythrina alkaloids;
several of which display high binding affinity for the a4$2
nAChR.>*** Thus, we set out to prepare simplified AB scaffolds
(compounds 1, 2, and 3) mimicking the different levels of
saturation (Chart 1c). Furthermore, the crystal structure of
AChBP in complex with DHpE indicated that there was
sufficient space for larger substituents on the oxygen atom, so
we decided to include a small series of O-alkylated analogues as
well as the free alcohol. The methoxyethyl substituent was
chosen to possibly dislodge the tightly bound water molecule in
the receptor and thereby create a direct interaction to the
backbone of the protein. The effect of N—H versus N—Me
substitution on the AB ring was also included. All compounds
were targeted as racemic mixtures of pure diastereomers. Since
the bicyclic derivatives all featured a 1,3-relationship between
the nitrogen and the oxygen atoms in the A ring, we took
advantage of the Aza—Michael addition when forming the [6,5]
bicycle. In order to vary the saturation in the bicyclic cores
(saturated and mono- and di-unsaturated), we needed to
selectively adjust the oxidation level.

Starting from the same phenethyl amine core, either
reductive or oxidative dearomatization (Birch reduction or
hypervalent iodide oxidation) would give access to Michael
acceptors with different oxidation levels, which after ring
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closure to the desired [6,5] bicycle could give rise to the
different saturation levels. This general plan for the fully
saturated analogues (1) was reduced to practice (Scheme 1)

Scheme 1. Synthesis of Saturated AB Fragments®
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1a: R = CHj (92 %)
1b: R = CH,CHj (96 %)

1c: R = CH,Ph (98 %)

1d: R = CH,CH,OCH; (89 %)

7a: R = CHj (91 %)
7b: R = CH,CH; (61 %)

7c: R = CH,Ph (92 %)

7d: R = CH,CH,OCH; (41 %)

“All compounds were prepared as racemic mixtures of pure
diastereomers. (a) Li, NH;(I), EtOH, —40 °C, 1 h; HCI (5 M), 80
°C, 3 h; Boc,O (1 equiv), rt, 1S h, 62% (3 steps). (b) NaBH, (3
equiv), CeCl; (0.15 equiv), MeOH, —30 °C, 2 h, 89%. (c) NaH (2.5
equiv), DMF, 0 °C, 30 min, then alkyl halide (3-4 equiv), rt, 12-15 h,
7a 91%, 7b 61%, 7c 92%, 7d 41%. (d) LAH (3 equiv), THF, 70 °C, 3
h, 1a 92%, 1b 96%, 1c 98%, 1d 89%. (e) LAH (3 equiv), THF, 70 °C,
3 h, 8 91%. (f) HCI (10 equiv), diethyl ether, rt, 2 h, 84%.

commencing from 4-metoxyphenethylamine (4) via Birch
reduction,”® hydrolysis to the unsaturated ketone, and
subsequent Michael addition in order to complete the carbon
framework of the [6,5] bicycle in 62% yield. Ketone 5 was
reduced diastereoselectively” with NaBH,/CeCl; to the cis-
amino alcohol (6) in 89% yield and subsequently O-alkylated
with a selection of alkyl halides to furnish compounds 7a—d in
up to 92% yield. Finally, the Boc-protected compounds (6 and
7) were reduced with lithium aluminum hydride (LAH) to
provide the tertiary methylamines (la—d and 8) in excellent
yields. Boc-deprotection of 6 afforded secondary amine 9. In
the case of the unsaturated analogues (2), the synthesis
(Scheme 2) commenced with a phenyiodide-ditrifluoroacetate
(PIFA) oxidation®™** of N-Boc- -tyramine (10) in order to
stage the di-unsaturated ketone 11 in 65% yield. Aza—Michael
addition afforded the bicycle 12 in 94% yield followed by zinc-
mediated reduction/rearrangement™ and diastereoselective
reduction of the ketone to the desired homoallyllic alcohol
(13) in 82% yield (2 steps). Standard transformations afforded
the mono-unsaturated tertiary amines (2a—d and 16) as well as
secondary amines (15 and 17).

The framework for the di-unsaturated analogue (3) was
assembled by a similar oxidative dearomatization strategy to
afford the bicyclic 19 in satisfying yields (Scheme 3).
Dehydration of 17 with POCI,*® furnished dienone 20 in

86% yield followed by standard transformations to afford the
desired diene (3) in 69% yield (3 steps).
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Scheme 2. Synthesis of Mono-Unsaturated AB Fragments®
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“All compounds were prepared as racemic mixtures of pure
diastereomers. (a) PIFA (1.2 equiv), NaHCO; (4 equiv), MeOH,
0°C, 1 h, 65%. (b) NaHCO; (S equiv), MeOH, rt, 15 h, 94%. (c) Zn
(Rieke, 5.1 equiv), AcOH (1.9 equiv), MeOH, rt, 25 min; NaBH, (2.9
equiv), CeCl; (0.14 equiv), MeOH, —30 °C, 2 h, 82% (2 steps). (d)
NaH (2.5 equiv), DMF, 0 °C, 30 min, then alkyl halide (2.5—4.4
equiv), rt, 12—15 h, 14a 89%, 14b 41%, 14c 65%, 14d 37%. (e) LAH
(3 equiv), THF, 70 °C, 3 h, 2a 84%, 2b 97%, 2c 38%, 2d 96%. (f) (1)
NaH (2.5 equiv), DMF, 0 °C, 30 min, then Mel (4.0 equiv), rt, 15 h.
(2) TFA, CH,Cl, 0 °C, 1 h, 85%. (g) LAH (3 equiv), THF, 70 °C, 3
h, 87%. (h) TFA, CH,CL, 0 °C, 1 h, 89%.

Scheme 3. Synthesis of Di-Unsaturated AB Fragment 3¢

HO
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69 % HN\BOC 92 % N
18 BOC 19
4\/@% — <\\©”'o
86 % 69 %
BOC 20 (3 steps)

“The compound was prepared as a racemic mixture of a single
diastereomer. (a) PIFA (1.2 equiv), NaHCO; (4 equiv), MeCN, H,0,
0°C, 1 h, 69%. (b) NaHCO; (S equiv), MeOH, rt, 15 h, 92%. (c)
POCl; (2.5 equiv), pyridine, rt, 15 h, 86%. (d) NaBH, (1.0 equiv),
CeCl; (0.1 equiv), MeOH, —30 °C, 30 min, 90%; NaH (1.5 equiv),
DMF, 0 °C, 30 min, then Mel (S equiv), rt, 15 h, 86%; LAH (3 equiv),
THEF, 70 °C, 3 h, 89%.

All 14 compounds were characterized in a [*H]epibatidine
binding assay using membranes from HEK293 cells stably
expressing the rat heteromeric nAChR subtypes a4f2, a4/4,
and a3f4.>" The functional properties of the analogues were
characterized at a HEK293T cell line stably expressing the
mouse 42 nAChR and at a HEK293 cell line stably
expressing the rat @34 nAChR in the FLIPR Membrane
Potential Blue (FMP) assay. Pharmacological evaluation of the
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natural product fragments la, 2a, and 3a revealed that the
saturation level of the bicyclic core has a remarkable effect on
the affinity (Table 1). The fully saturated fragment la

Table 1. Pharmacological Data of Fragments 1a, 2a, and 3a“

/ | = /
O OVd O

N\\ N\\ N\\

| 1a | 2a | 3a

la 2a 3a

K; (uM) a4 ~300 3.4 (546 + 0.07) ~30
adp4 >300 ~100 >300

a3p4 >300 ~300 >300
ICs, (uM) a4p2 >300 ~30 ~100
a3p4 >300 >300 >300

“The K; values obtained for the compounds in the [*H]epibatidine
binding assays are given in uM (with pK; + S.EM. value in the
bracket). The ICs, values obtained for the compounds at a42 and
a3f4 in the FMP assay are given in yM. The data are the means of 3—
4 individual experiments.

mimicking the AB ring structure of THSE was completely
devoid of affinity (>300 uM) toward the nAChRs, whereas the
affinity for the mono-unsaturated analogue 2a increased a factor
of at least 100 (3.4 uM) compared to its saturated derivative 1a.
Fragment 2a possesses the same saturation level as DHSE, and
it was highly subtype selective against the a4f2 receptor.
Indeed we were able to maintain the affinity of the small
fragment 2a in the range of the parent natural product DHSE
(0.82 uM) and with comparable subtype selectivity. The
functional assay showed a lower antagonist potency (30 uM) of
the unsaturated analogue compared to DHSE (1.2 uM)>* but
still antagonize nAChR with similar efficacy. Interestingly, the
binding affinity of the di-unsaturated analogue 3a, which
mimics SE with respect to saturation level, proved to be
intermediate of those of 1a and 2a, thus further underlining the
importance of the conformation of the AB ring system. These
results correlate well with a previous comparison of the parent
natural products THSE, DHSE, and SE (Chart 1b) revealing
that the mono-unsaturated A ring has the highest affinity (0.14
uM) followed by the di-unsaturated (1.1 pM) and last the
saturated A ring (7.4 4M).** Thus, there was roughly a 10-fold
increase in the affinity for the mono-unsaturated natural
product compared to the di-unsaturated, which is also the
case in this study. However, we report a striking loss of affinity
by moving from the di-unsaturated fragment 3a to the saturated
fragment 1la, indicating that some conformational changes are
likely to occur in the simple fragments compared to the
tetracyclic natural products.

We speculate that the different pharmacological profile of 1a
and 2a is due to a conformational difference in the saturated
versus the unsaturated ring system. A possible intramolecular
hydrogen bond between the oxygen lone pair and the
protonated nitrogen would lead to a favorable 6-membered
ring and thereby placing the two pharmacophoric elements in a
diaxial relationship rather than the necessary diequatorial
conformation (Scheme 4).%*

Because of the rigidity of the unsaturated fragments (2a and
3a), this intramolecular interaction is not favorable, and thus,
the pharmacophores are situated in the preferred diequatorial
conformation. Presumably the tetracyclic framework in THPSE

dx.doi.org/10.1021/ml500094c | ACS Med. Chem. Lett. 2014, 5, 766—770
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Scheme 4. Possible Internal Hydrogen Bond in 1la Could
Stabilize the Diaxial Conformation; the Diaxial
Conformation Is Not Possible in the Unsaturated Analogues
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locks the AB ring systems in the diequatorial conformation,
thereby maintaining affinity.

The effect of changing the N- and O-substituents on the 1a
and 2a scaffold is summarized in Chart 2. Unfortunately, all
manipulation with these parts of the fragments was detrimental
to the affinity with K| values ranging from 100 to >300 uM (i..,
Supporting Information). Deleting the NMe group of 2a to
provide 15 resulted in a complete loss of affinity. Similarly, the
removal of the OMe group also leads to inactive fragments (8
and 16), and removing both the NMe and OMe group (9 and
17) also gave inactive ligands. The introduction of larger O-
substituents also gave inactive ligands presumably due to steric
clash within the binding pocket exemplified by the complete
loss of affinity when going from OMe to OEt (2b to 2c). The
attempt to dislodge the water molecule in the binding pocket
with ligands 1d and 2d was also unsuccessful.

Chart 2. Synthesized N- and O-Functionalized Fragments;
All Ligands Displayed Low Binding Affinities to the a4f2
Receptor (K; Values Ranging from ~100 to >300 gM)

/ H H
/ /
A Tile} \ 1iTe) A Tie}
v N v
H 15 |

8/16 H 917
Yo
r el ~
N N N
' tbi2b L e I qar2d

In conclusion, we have investigated the effect of excluding
the CD rings in combination with adjusting the saturation
levels of the AB rings in DHBE on their pharmacological
properties at nAChRs. We found that the direct analogue of
DHpE maintained the activity at the @42 substype of the
nAChRs, thereby substantiating the suggested binding mode of
DHpE with two key pharmacophoric elements, as found in the
X-ray structure in complex with the AChBP. However, even
very small modifications to this structure leads to a drastic
decline in the affinity for the nAChRs.
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Full experimental details including copies of NMR spectra and
pharmacological characterization of the compounds. This
material is available free of charge via the Internet at http://
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