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ABSTRACT

PART 1: APPROACH TOWARD THE TOTAL SYNTHESIS OF SOME SARPAGINE RELATED INDOLE
ALKALOIDS: HISTRIXNINE, GELSEMPERVINE A, GELSEMPERVINE B, O-METHYLMACUSINE B &
19,20-DIHYDRO-O-METHYLMACUSINE B

PART 2: DESIGN, SYNTHESIS & BIOLOGICAL STUDY OF SOME NOVEL GAMMA-AMINOBUTYRIC
ACID TYPE (GABAA) RECEPTOR LIGANDS

by

Md Zubair Ahmed Khan

The University of Wisconsin-Milwaukee, 2021
Under the Supervision of Professor James Cook

Indole alkaloids are chemically, biologically and commercially significant, as well as diversely
distributed important group of natural products. These are of prominence because of their
resemblance with various biologically essential molecules including tryptophan, tryptamine, and
serotonin. The sarpagine type indole alkaloids comprise one of the most diverse series of indole
alkaloid natural products. These indole alkaloids are primarily isolated from three plant families:
Apocynaceae, Rubiaceae, and Loganiaceae which have been used in traditional and folk
medicines in many countries around the world. Biological screening of these alkaloids is not
always possible, presumably, due to the paucity of the isolated natural products. However, some
of the bases from this group of structurally related alkaloids have been shown to possess
important biological activity. Considering the useful bioactivity and complex structural features,
the total synthesis of these alkaloids is of importance. Some key transformations in our strategy

include the diastereospecific asymmetric Pictet-Spengler cyclization, diastereospecific



Dieckmann condensation, and an enolate driven palladium catalyzed cross-coupling process. The
total synthesis of hystrixnine, gelsempervines A and B were approached with the key challenge
of solving the C(3)-N(4) bond breaking of pentacyclic core. But attempts to get into this oxo series
were not successful despite many attempts. However, the synthesis of two other target indole
alkaloids, O-methylmacusine B and 19,20- dihydro - O - methylmacusine B have also been

approached using the enantiospecific Pictet-Spengler reaction as the key chiral step.

In the second part, | will show my research on some novel GABAx receptor ligands.
Benzodiazepine related compounds are the class of psychoactive drugs which act as a positive
allosteric modulator of gamma-aminobutyric acid type A (GABAAa) receptor ion channels. Due to
their potent activity, low toxicity, minimal drug-drug interactions in the liver, rapid penetration
across the blood-brain barrier (BBB), rapid absorption from the gastrointestinal tract, and ready
distribution in the brain, BZDs have been used in the clinic as anxiolytics, sedative-hypnotics,
myorelaxants and anticonvulsants for over four decades. The pharmacological action exerted by
the BZD depends upon different subunits of the GABAa receptor complex. Throughout the years
several GABAa a2/a3 receptor subtype-selective ligand has been developed in Milwaukee for
the treatment of epilepsy and chronic pain. Among them KRM-11-81, the bioisostere of lead a2/a3
subtype-selective ligand HZ-166, demonstrated significant anticonvulsant, antinociceptive,
antiepileptic and antidepressant efficacy in different rodent models without causing amnesia,
sedation, ataxia, or the propensity for addiction/dependence. As a part of the continued search
for improved drug with less side effects, some novel bioisosteres of HZ-166 has been synthesized
and characterized along with some biological studies due to their strong resemblance with the

successful lead candidate KRM-11-81.
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Chapter 1

Approach towards the total synthesis of some sarpagine related indole
alkaloids: histrixnine, gelsempervine A, gelsempervine B, O-

methylmacusine B and 19,20- dihydro - O - methylmacusine B.

1.1 Introduction

Indole alkaloids (tryptophan derived) are structurally complex and chemically, biologically,
commercially significant, and diversely distributed important group of natural products. These
alkaloids have been used as a form of medicine for hundreds of years in many places of the world
and some of these have greater significance as a drug still today.' 2 They could be found in higher
plants and microorganisms and are the largest class of alkaloids isolated mainly from three
families of plants : Apocynaceae, Rubiaceae and Loganiaceae. Many of these indole alkaloids
have shown significant biological activity and, of these, some are extremely useful therapeutic
agents. Consequently, scientists are still studying these indole alkaloids to find out the important
biological activities, which are still unexplored. In most cases the reason behind this is due to the
paucity of material available for testing purposes.® In early 1958, and later in 1967° the
bisindole macralstonine 1a (Figure 1), which had been isolated from Alstonia macrophylla Wall

and Alstonia muelleriana Domin, was found to exhibit potent hypotensive activity. This result



along with the antimalarial activity created tremendous amount of interest in the alkaloids of the

family Apocynaceae with respect to the genera Alstonia.

Wright et al.® tested nine alkaloids from Alstonia angustifolia for antiprotozoal activity against
Entamoeba histolytica and Plasmodium falciparum in vitro (Table 1). Three dimeric alkaloids,
macralstonine O-acetate 1b,” (-)-macrocarpamine 2a,® and (+)-villalstonine 3a,® 1° (Figure 1) were
found to possess significant activity against both protozoa. Macrocarpamine 2a was found to be
the most active antiamoebic compound with an antiamoebic activity one fourth that of the
standard drug emetine. The alkaloid villalstonine 3a was found to be the most potent alkaloid
against P. falciparum and was about fifteen times less active than the clinical antimalarial drug

chloroquine.



1a R = OH, macralstonine
1b R = OCOCH;, O-acetyl macralstonine
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2a R=H, macrocarpamine Ja R =H, villalstonine
2b R=0Me, 10-methoxy macrocarpamine 3b R = OMe, 10-methoxy villalstonine

Figure 1. Bisindoles from Alstonia species

The alkaloid 1b, which is the acetate of macralstonine, showed much more activity against both
protozoa when compared with the parent macralstonine 1a. From the studies carried out by
Houghton et al. (Tables 2 and 3),% 12 it can be seen that, the bisindole alkaloids were found to be
considerably more active than the monomeric indoles. These in vitro studies provide some basis
for the traditional use of the plant extract from Alstonia angustifolia for the treatment of amoebic

dysentery and malaria by the people of the Malay peninsula.> 4



Table 1. Antiamoebic and Antimalarial Activity of Selected Alstonia Alkaloids®

Alkaloids E. histolytica P. falciparum

ED35(95% C. 1) nM ED3sp(95% C. 1.) uM

alstonerine 75.3(65.0-85.6) 46.3(27.7-77.3)
alstophylline 67.7(57.2-78.2) 82.3(65.9-102)
macralstonine inactive at 70 mactive at 178
O-acetyl macralstonine 15.51(14.78-16.24) 3.43(1.86-6.34)
villalstonine 11.8(11.7-12.0) 292(1.11-3.14)
pleiocarpamine 47.4(46.8-52.90) 20.5(12.6-33.17)
macrocarpamine 8.21(7.76-8.48) 9.36(7.20-12.1)
11-methoxyakuammicine 70.5(65.3-75.6) 41.3(26.5-64.3)
norfurocurarine 84.1(82.9-89.6) 129(70.2-239)
vincamajine inactive at 70 138(79.3-238)

EDsq: Effective dose at 50% inhibition.

In 1986, using radioligand binding experiments and bioassays, Feng et al.'> ® compared the
effects of spegatrine 4a and dispegatrine 4b (Figure 2) on a-adrenoreceptors. Their results gave
them a good indication that the effect of the dimer 4b on both al and a2 adrenoreceptors was
more potent than that of the monomer. Dimeric alkaloids are often more potent in vivo than

their monomeric progenitors. Much of the early isolation and structural work on the Alstonia



alkaloids was performed in the laboratories of Elderfield?” and Schmid,*® *° and was followed by

the biomimetic interconversions of LeQuesne et al.’ % 10, 20-23

Table 2. ICso Values of Alkaloids Tested Against Plasmodia falciparum (K1 and T9-96

strains)*?
Alkaloids Kl (pdM.n=3) T9-96 (uM, n = 3) K1/T9-96 ratio
O-acetyl macralstonine 0.53=0.09 12416 0.04
villalstonine 027 £0.06 094 =007 0.29
alstomacroline 112035 102+04 0.11
macrocarpamine 0.36 £ 0.06 =30= =0.009
chloroquine diphosphate 020=0.07 0.019 = 0.002 10.53

K1: the multidrug-resistant strain, which is highly resistant to chloroguine; T9-96: the chloroquine sensitive
strain; n° number of independent experiments; * % inhibition at 39 pM (7.5 pg/ml), the highest

concentration fested was 32.6 £ 4.1 M. The experiment was done with infected human red blood cells.

When working on the structural elucidation of bisindole alkaloid villastonine, Schmid et al.'®
found macroline 6 (Figure 3) as a degradation product from villalstonine 3a. It is believed that
macroline 6 is a biomimetic precursor to many Alstonia alkaloids.” & 1021, 22 35 it has not been

isolated as a natural product, to date.



From individual studies on selective sarpagine/ajmaline indole alkaloids, it was found that
normacusine B exhibited sedative and ganglion blocking activity,?* lochnerine elicited
hypoglycemic activity,?> pericyclivine has been shown to exhibit weak cytotoxic activity against
P-388 leukemia,?® while gardnutine, gardnerine, and hydroxygardnutine have been shown to
elicit ganglion blocking effects.'?27:28 The mixture of constituents (normacusine B, affinisine, Na-
methylpericyclivine, and voachalotine) present in Peschiera van Heurck from the tropical rain
forest in Bolivia is known for its alleged leishmanicidal and bactericidal activity.?> 2° Like many
qguaternary alklaoids, the major quaternary sarpagine alkaloid from Strychnos angolensis, 11-

methylmacusine A, demonstrated muscle relaxant activity.?3 30



Table 3. ICso Values of Alkaloids Tested Against Plasmodia falciparum (K1 strain)*?

ALKALOID I TC s (ng/mL)
talcarpine 3 40329
pleiocarpamine 2 6.44 =098
alstoumernne 2 131227
20-gpi-antirhine 3 751117
alstonerine 2 967357
alstophylline 2 127+1.7
macralstonine 3 8921295
O-methylmacralstonine 2 0.85+£0.20
O-acetylmacralstonine 3 0.53 £ 0.09
alstomacrophylline 2 1.10x0.30
villalstonine 3 0.27£0.06
villalstonine Np-oxide 2 107+£19
alstomacroline 3 1.12+035
macrocarpamine 3 0.36 £ 0.06
chloroquine diphosphate 3 0.20x0.07

Kl stramn: nmltidrug resistant strain; no number of independent experiments. The test was done with

infected human red blood cells.



In Chinese folk medicine, the crude mixture of nine alkaloids present in Ervatamia yunnanensis is
being used for the treatment of hypertension.?® These important findings led scientists to
evaluate these alkaloids for the activity against malaria,*? cancer?® and HIV.?” 2° However, the

scarcity of isolable material from these plants has retarded in depth evaluation.

4a spegatrine 4b F-(+)-dispegatrine

Figure 2. Dimeric Indole Alkaloid -(+)dispegatrine

azabicyclo [3,3,1] nonane
{core structure) 5
& macroline 7 sarpagine

Figure 3. Macroline and Sarpagine



The serpagine group of indole alkaloids (represented by 7, Figure 3) is the largest class of natural

products related to the macroline bases. Both the sarpagine and macroline series of indoles have
common biogenetic, azabicyvlo [3,3,1] nonane core 5. The biogenetic numbering of LeMen and
Taylor3! is used throughout this Chapter. It can be noted that, in macroline there are four
stereocenters at C-3, C-5, C-15 and C-16. The B- hydrogen atom at C-15 of this group, as well as
the chiral centers at C-3, C-5 and C-16 are the same for the sarpagine series. In a synthetic sense,
both classes can be related by a Michael addition of the nitrogen atom of N-4 of macroline 6 to
the a, B-unsaturated carbonyl system at C-21, or by direct 1, 2 addition of N-4 to the ketone at
C-19 (Figure 4). In the same way, sarpagine can be converted into macroline 6 by a retro-Michael

reaction or Hoffmann elimination of the N,-methyl intermediate (LeQuesne et al.)?!

11, R’ = (=CHy)
12, R"=0H, CH,
6, R = H, macroline =

Ref.21 [ 8 R-TBS {_%

N

M

R = TBS? 6 R-H
Retro Michael reaction or 10, R=1TBS

Hoffmann elimination

Figure 4. Biosynthetic Relationship Between Macroline and Sarpagine.??



In Figure 5.1-5.12 the different sarpagine related indole alkaloids are presented.

R=H,R'=H ine B
R =H, R =H, vellosimine " , normacusine

R = Me, R = H, Ny methylvellosimine R =H, R = Ac, O-acetyhormacusine B
R = H, R' = OMe, 10-methoxyvellosimine R =H, R’ = COPh, O-benzoyl

normacusine B
E=hie, R'=OMe, tayvinke R =H, R' = Me, O-methylnormacusine B

R =Me, R =H, affinisine

R; = R, = H, pericyclivine .

. R, = CHE, Rz = ]1,.
R=R,=R,=H, sarpagine hi—mem:.r] pericyclivine
R=H, R, = Me, R,=H, lochnerine R; = H, R, = OH, 10-hydroxy
R =R;=H, R; = Ac, O-acetylsarpagine pericyclivine

R =Me, R, =R; = H, N -methylsarpagine R, = H, Ry = OMe, 10-methoxy

pericyclivine

R, = Me, R, = OH, 10-hydroxy-
N.-methylpericyclivine

R, = Me, R, = 0OMe, 10-methoxy-
Nla-mn:thylpcﬁc}rc]ivin:

Figure 5.1 Sarpagine indole alkaloids®* 3?
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R,=R;=H. R,=0H, 16-episarpagine R'=0Me, R=H, 18-hydroxy
lochnerme
R;=E;=H, RE;=0Me, lochvinerine
R'=H, R=Me, 18-hydroxy
R=Rs=H. Ry=0CH;. gardnenne affinisine

1 1-methoxy-N,-methyldihydro-
penicyclivine

18-hydroxygardnerine

=H. R'=CH=CHCOCH;. difforine

R=CH;. R'=CO,CHj;
N,-methyl-16-epipencyclivine

Figure 5.2 Sarpagine indole alkaloids®> 32
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R 1=DH. R3=CH_;
verticillatine (Cl salt)

E,;=H. peraksine
(vomifoline)

R=R"=H, R'=CH,0H.
16-epmormacusine B

R=Me. R=CH,0H. R"=H.
16-epiaffinisine

R=Me, R'=CH,0Ac, R"=H.
O-acetyl-16-epiaffinisine

Figure 5.3 Sarpagine indole alkaloids? 323

12

@
Tin-§

Ry=H, R»=CH,0H,
19(5).20(R)-dihydroperaksine

R,=0OH, R,=CH,0H,
10-hydroxy-19(S5).20(R)-
dihydroperaksine

R;=H. R,=CHO,
19(5)_20(R)-dihvdroperaksine-17-
al



i
g

voacoline

3

trinervine

R=H. R'=Me. talpmine

R=0Me. R'=H. 21-hydroxy
cyclolochnerine

eburnaphylline

Figure 5.4 Sarpagine indole alkaloids23, 32
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R=H.
N ,-demethylaccedine

(amerovolfine)

=0H. 3-hydroxysarpagine

R;=CHj;, Ry=H, R3=CHj3;,
dehydro-16-epiaffinisine

R1=H. R2=OCH3. R3=CH3,
gardnutine

R;=H, R,=0CH;, R;=CH,0H,
18-hydroxygardnutine

R=H. dehydrovoachalotine

R=0H, 17-hydroxy-
dehydrovoachalotine

Figure 5.5 Sarpagine indole alkaloids?* 3% 36-39
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alstoumerine

R;=H. R,=CHO,
polyneuridine aldehyde

R;=H, R,=CH,O0H, polyneuridine
R;=CH3, R,=CHO, voachalotinal

R;=CH;, R,=CH,OH. voachalotine

Figure 5.6 Sarpagine indole alkaloids®> 32

15

Rl =R:=I'L R3=CH30H,
E-akuamnudme

Ry=F,=H. R;=CH,0Ac¢,
acetylakuammuidine

R;=CH;, R,=0CHj;, R;=CH,0H,
10-methoxy-N,_-methylakuammidine



R,=CH,0H. Ry=H. macusine B

R;=CH-0OCH;. R>=H.
O-methylmacusine B

R,;=CO,CH;, Ry=H. alkaloid Q3

Ry=H. Ry=CH>0CH;.
O-methyl-16-epimacusine B

R=H. R>=C05", 16-epipanarine

F=H. R'=H. spegatnine R;=C0-CH;, R,=CH,0H
macusine 4

=H. R'=Me. lochneram
Ry=CH,0H. R,=CO,CH;.
R=Me. R'=H. Np-methylakuammidine

N -methylsarpagine metho salt

F=CH;. R>=H. .
N -methyl-11-hydroxymacusine A 21-hydroxyvoachalotine

R4=H. F-=CHj;.
11-methoxymacusine A

Figure 5.7 Sarpagine indole alkaloids®> 32
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R;=H. R,=CO;Et, fuchsiaefoline 19.20-dihydro-O-methylmacusine B

R;=CH,O0H, R,=CO,Me,
12-methoxy-Nj-methylvoachalotine

R;=CH,O0H, R,=CO,Et
12-methoxy-Nj-methylvoachalotine
ethyl ester

R;=H, R,=CO,CH;. R3=CH,0H. R;=CH;, Ry=H, affinisue NVj-oxude
19,20-dihydroakuammidine

R1=H, R2=CH3, X )
R;=H, R,=CH,OH. R;=CO,CHj, O-methy Inormausine B Ny-oxide

19.20-dihydropolyneuridine

R|=CH3. R2=CH20AC. R3=C02CH3,
17-O-acetyl-19.20-dihydrovoachalotine

Figure 5.8 Sarpagine indole alkaloids®® 32
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R =R,=H. 16-epiaffinine affinine
R =Me, R =H. hystrixnine
R =H. Ry =OMe, pelirine

R=H. 19E. gelsempervine-A 19Z, 19Z-16-epivoacarpine
:Ac_ lgE_ gflsf'ﬂleﬂ'imt—B IQZE, lgE—lﬁ—Epi‘UﬂafN‘piﬂE
R=H. 19Z. gelsempervine-C

R=Ac, 19Z, gelsempervine-D

Figure 5.9 Sarpagine indole alkaloids23, 40-44
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rauvovertine B

17-epi-rauvovertine B rauvovertine C

Figure 5.10 Sarpagine indole alkaloids*
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rauvomine A rauvomine B

vinmajorine C vinmajorine D

N 2
HHG

vinmajorine E rauvomitorine A

Figure 5.11 Sarpagine indole alkaloids*> 4°
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E =H, amerovolficine

B =0Me, pagisulfine
10-methoxy-16-de{methoxycarbonyl)
pagicerine

W ™

alstiyunnanenine A 2 1-hydroxycyclolochnerine

Figure 5.12 Sarpagine indole alkaloids3” 4> 47-30
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1.2 Access to the tetracyclic core of sarpagine/macroline alkaloids

As mentioned before, the tetracyclic ketone 5 is the common intermediate towards the synthesis
of the majority of the alkaloids of the sarpagine and macroline family of alkaloids, it has been
used extensively for the total synthesis of indole alkaloids as well as oxindoles.”'>> Hence the
synthesis of this tetracyclic core enantiospecifically on large scale and maintenance of the correct
stereochemistry at C-3 and C-5 position is of great importance. Some impotant contributions
from Hobson>®, Yoneda®’, Kluge®®, Mashimo>°, Soerens®®, Sakai®!, Zhang,®? Bailey®3, Sandrin®,
and Ungemach® have paved the way for the large-scale synthesis in multihundred gram scale

with greater then 98% ee to this key [3.3.1] system.

Commercially available D-tryptophan methyl ester 13, serves as the chiral auxiliary in the
asymmetric PicteteSpengler reaction which exerts an internal asymmetric induction which sets
the natural stereochemistry at the biogenetic C-33! position of alkaloids via the 1,3-trans transfer
of chirality.®® This process produced the 1,3-trans-diester (1) with 100% diesterioselectivity under
thermodynamically controlled conditions; the C-3 carbon atom can undergo epimerization to
give pure trans. Then a large scale (300g) Dieckmann condensation occurs by base catalyzed
epimerization at C-5 and ring closure. The subsequent Dieckmann conditions were important for,
the C-5 stereocenter first epimerizes to the desired cis configuration at C-5, and the cis-diester
then cyclized intramolecularly to give the desired [3,3,1] biclyclic system (ll) with the correct

stereochemistry at C-3 (S) and C-5 (S) positions. (Scheme 1).

22



epimerizable
center

COQM& COQME 4
epimerization
Qj/\‘NHBn P-S reaction NB == at C-5 O
thermodynamic \

control N

D-trp- OMe 13 Hon
unnatural internal asymmetric 1,3-trans transfer desired chirality
chiral auxiliary =7 induction =1 chirality = atC-3

J

natural alkaloids ¢——¢—¢—¢— | desired chirality . epimerization
atC-3& C-5 at C-5

scheme 1. A schematic flow chart of the P-S/Dieckmann protocol (picture modified from Rahman

et al.®)

The current practice of synthesizing this tetracyclic core, developed in Milwaukee® employs a
two-pot procedure for accessing the Na-H or Ni,-Me, Np-benzyl tetracyclic ketones on a

multihundred gram-scale in high yield and enantiomeric excess (> 98% ee).%®

23



CO;Me

_\CGEME PRCHOMAzOH; MaH. MeOH
Y NaBH.: i ' :
W\NH 4 N \ MNe  toluene, reflux:
.'. 2 14 I CHngHn HCI -
H CF3C0OuH, CHoClo 15 H H.0, reflux H H 16 Fh
B3% t BO%
D-trp-Oile, 13 one o Mel, Na CO.Me >08% e
600 g scale OME 150 g scale
>95%
R ———— E “eees LOMe
. 5 \  pn MaH, MeOH
:Met} OMe Ner"  toluene, reflux;
: OMe 14 ! CH4COOH, HC
R Hz O, reflux
17 BEY%

18
COuMe >88% ee
. 600 g scale

Scheme 2. Synthesis of tetracyclic core developed in Milwaukee (picture modified from Rahman

et al.®)

The iminium species 15 could be formed when Np-benzylation of D-tryptophan methyl ester 13
was condensed with benzaldehyde in methanol at room temperature followed by NaBHj4 -
mediated reduction at -10°C. The crude mixture is then reacted thermodynamically with methyl
4,4-dimethoxybutyrate 14 in presence of TFA to furnish the 1,3-trans diester 15 without any
chromatographic separation. After that, the 15 (or N, — Me diester 17) can be converted into the
tetracyclic ketone 16 and 18, respectively through Dieckmann cyclization by heating it in toluene
with an excess of NaOMe, generated in situ with NaH and dry MeOH in toluene followed by acid

hydrolysis. (Scheme 2).
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1.3 Current examples of total synthesis of indole and oxindole alkaloids

1.3.1 The total synthesis of dispegatrine by Edwankar et al.
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F'hCHD Ph PSR _
NaBH4 - CD;ME

5-0OMe-D-trp- OEt 19 21 Dleckrnann

MeQ MeQ R
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Scheme 3. Total synthesis of dispegatrine by Edwankar et al. (picture modified from Rahman et

al.66)

The quaternary dimeric sarpagine alkaloid dispegatrine 27, isolated from Rauwolfia verticillata
(Lour.) var. hainanensis Tsiang, exhibited potent antihypertensive activity®> and was found to be
more active in blocking a-adrenergic receptors!® then its corresponding monomeric unit

spegatrine (not shown). For the total synthesis of dispegatrine, Edwanker et al. employed the
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previously mentioned reaction protocol of the P-S/Dieckmann process to access the 10-methoxy
Na-H, Np-benzyl tetracyclic ketone 22, which began from 5-methoxy D-tryptophan ethyl ester 19
on large scale and in >98% ee. This tetracyclic ketone was then converted into the pentacyclic
ketone 23 via a palladium-catalyzed intramolecular a-vinylation of the ketone (not shown here).
The synthesis of 10-methoxyvellosimine 24 with the C-16 aldehyde in the more stable and
desired a-orientation was then achived through a one-carbon homologation of the ketone 23 via
a Wittig olefination, followed by acidic hydrolysis. The reduction of the aldehyde 24 with NaBH4
provided the alkaloid lochnerine 25 in excellent yield. The P(S) atropodiastereomer of the
lochnerine dimer 26 was then synthesized selectively via a thallium (lll) acetate mediated
oxidative coupling of 25. Then the first total synthesis of dispegatrine 27 as the chloride salt was
achieved by the subsequent demethylation of the aryl methyl ether with BBrs and quaternization
of the Np-nitrogen function with iodomethane in the presence of AgCl. (Scheme 3.) The
stereochemistry of the C(9)-C(9’) bond was P(S) as demonstrated by low temperature X-ray

analysis of the lochnerine dimer.
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1.3.2 The total synthesis of ervincidine, by Rallapalli et al.

The first total synthesis of ervincidine®® 35, a sarpagine alkaloid isolated from Vinca erecta Rgl. et
Schmalh, contains a hydroxyl functional group at the C-6 position and a hydroxymethyl group at
the C-16 position was reported by Ralapalli et al.® in 2014. Starting from Np-benzyl-D-
tryptophane methyl ester 13a and following the process mentioned before, which was developed

in Milwaukee, the pentacyclic ketone 29 was synthesized on large scale.

‘Co;‘MO

NHBn PSR (600 g scale),
N\ Dieckmann protocol
N T ———
H

Ny-Bn-D-trp-OMe. 13a

L Me
(+)-ervincidine, 35

Scheme 3a. Total synthesis of ervincidine by Ralapalli et al. (picture modified from Rahman et

al.t®)
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The ketone 29 was then converted to 30 via a Wittig olefination reaction. The olefin 30 was then
converted to the hydroxymethyl function 31 with the desired B- orientation at C-16 position via
a hydroboration-Kabalka oxidation reaction. The hydroxyl group of 31 was trhen protected with
a TIPS group to get 32, followed by an IBX-mediated radical oxidation process to introduce the
ketone function (33) at the benzylic C-6 position in high yield. It was then reduced under Luche
reduction conditions after deprotecting the silyl group to furnish ervincidine 35. The spectral and
optical properties of this diastereomer were in excellent agreement with the natural

ervincidine?® ¢8(Scheme 3a).

1.3.3 The total synthesis of alstonisine- and chitosenine-type oxindole
alkaloids by Fonseca et al.

The total synthesis of a number of oxindole alkaloids were reported by Fonseca et al. 7> 7! through
the same tetracyclic intermediate 16. A series of oxindole alkaloids from both the chitosenine
(7R) and alstonisine (7S) class has been synthesized using the Ny-benzyl tetracyclic ketone 16 as

the
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Scheme 4. Strategy towards the total synthesis of some alstonisine related indole alkaloids by

Fonseca et al. (picture modified from Rahman et al.?®)

key intermediate’?. The diasteriospecific access to spiro-oxindole 36 with the C-7(R) configuration
was achived via tert-butyl hypochlorite mediated oxidative rearrangement of the Np-benzyl
tetracyclic ketone 16. On the other hand, the oxidative rearrangement on the debenzylated

amine 37, mediated by the tert-butyl hypochlorite provided the spiro-oxindole 38 with the
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opposite C-7(S) configuration. The intermediates 37 and 38 were then used to synthesize the
alstonisine related oxindole alkaloids including affinisine oxindole, alstonisine, Na-

demethylalstonisine, alstofoline, and alstonoxine A (Scheme 4; synthesis not discussed here).

1.3.4 General synthetic strategy for the total synthesis of C-19 methyl-

substituted sarpagine/macroline/ajmaline alkaloids by Edwankar et al.

The first total synthesis of several C-19 methyl substituted sarpagine/macroline indole alkaloids
have been reported by Edwankar et al. using the previously mentiond strategy (scheme 5).
Starting from D-tryptophan methyl ester, the general strategy towards the synthesis of the C-19
methyl substituted alkaloids followed the P-S/Dieckmann protocol to access the tetracyclic
ketone 16 (R'=H) or 17 (R'= Me)on large scale. This was followed by the debenzylation of 16 or
17 respectively. Then the optically pure (R)-tosylate unit 40a was reacted with the Ny-nitrogen
atom of amine 39 by an Sn2 alkylation to furnish 41, which contain the C-19(S) methyl equivalent
function. The terminal alkyne 42 was achived by the deprotection of the TIPS group in excellent
yield. A novel haloboration reaction using dicyclohexyliodoborane followed by
protodeboronation and provided the vinyl iodide 43. Then the pentacyclic ketone was
synthesized through a palladium-catalyzed intramolecular a-vinylation of the ketone 43 which
was then used as a common intermediate for several members of C-19 methyl-substituted

alkaloid subfamily (scheme 6). This stretgy was then employed by Edwanker et al. to furnish the
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first total synthesis of 19(S), 20(R)-dihydroperaksine-17-al 47 and 19(S), 20(R)-dihydroperaksine

48. Later a similar strategy was employed by Rahman et al. to sththesyze (-)-talcarpine 4572,

b
o HCIEtOH
PdIC
-

NN Ha(1atm) x:
RT W Ph

R'=H, 16 D% 39 RZ = TIPS, 41 \

1 : BudNF R2
R = Me, 18 R2 = H. 4790-96%

0 I-B(cy);
Me AcOH

1 L 74-77%
R H 43
60-68% de'ca‘~ O

a-vinylation

(+)-peraksine

(+)-19(S),20(R)-dihydroperaksine 5%

48

Scheme 6. General strategy towards the synthesis of C-19 methyl- substituted sarpagine

/Macroline /ajmaline alkaloids by Edwankar et al. (picture modified from Rahman et al.®®)
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1.3.5 Total synthesis of C-19 methyl substituted macroline-type indole

alkaloids by Rahman et al.”?

The first total synthesis of some C-19 substituted macroline-type indole alkaloids was reported
by Rahman et al.”> where the core synthetic strategy was to use the pentacyclic ketone 44a as a
common precursor. This was followed by a one carbon homologation via a Wittig reaction and
hydrolysis. The ketone 44a which formed, was converted into the aldehyde 45 in the desired a-
orientation at C-16 in excellent yield. The silyl ether 47 was synthesized by the sodium
borohydride mediated reduction and this was followed by protection of the primary alcohol 46

by the TIPS group.
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Scheme 7. Total synthesis of some C-19 substituted macroline-type indole alkaloids by Rahman

et al.66 72

The olefin 47 was subjected to a hydroboration-Kabalka oxidation sequence to furnish the

primary alcohol 48 in good yield. Then by following the Corey-Kim oxidation protocol this gave

the a-epimer of the aldehyde at C-20, which was then allowed to react with excess methyl iodide

to provide the methiodide salt 49 in 67% yield over three steps. The enal 50 was then synthesized
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via a retro-Michael ring opening of the B-quaternary ammonium carbonyl compound 49, with
the desired (Z)-geometry across the olefinic double bond. After deprotecting the TIPS group, the
so formed alcohol underwent an intramolecular Michael reaction with the a,b-unsaturated
carbonyl function to provide a mixture of a- and B-epimers of aldehyde (51 and 52, respectively)
in good, combined yield. The a-epimer 51 could be synthesized from B-epimer 52 on the
treatment with base. The synthesis of macrocarpine D 53 and macrocarpine E 54 was then
achieved, in excellent yield, by reducing the aldehyde function of 51 and 52 respectively with

sodium borohydride (Scheme 7).

The pentacyclic ketone 50b was used as a common precursor for some other C-19 methyl
substituted macroline-type indoles. Using a similar general strategy, the 50b was converted into
the enal 5573, the (2) stereochemistry of which was confirmed by NOE, NMR and HR mass
spectroscopy. Following the same synthetic strategy analogous to the above section, the
synthesis of a-C-20 aldehyde, Na41-secotalpinine 56 and B-C-20 aldehyde, talcarpine 45 was
achived. The reduction of aldehyde 45 provided the macrocarpine A 57 whereas the reduction of
aldehyde 56 provided the macrocarpine B 58 in excellent yield. Interestingly the aldehyde 45 can
be converted to aldehyde 56 with the treatment of base in good yield. The macrocarpine C was

synthesized through the simple acylation of 58, in good yield.
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1.3.6 Access to the common bicyclo [3,3,1] tetracyclic system in reduced

steps by Rahman et al.

The previously established protocol®” for the synthesis of the Ny-H bicylo [3,3,1] tetracyclic core
37 involved the benzylation and debenzylation of the Ny-4 nitrogen atom of the tetracyclic core
in the sequence. To introduce the C-19(S) methyl function into the tetracyclic system 39, a Sn2
reaction was carried out on an an optically pure (R)-tosylate (e.g., 40a) by Edwankar et al.
(Scheme 6) after debenzylation of 18. In order to reduce these two steps to incorporate either
the C-19(S) or C-19(R) methyl functions into the natural products (since both S- and R-methyl
groups at C-19 could be found in alkaloids), Rahman et al. developed a method to alkylate the
Np-nitrogen function of D-tryptophan methyl ester 13a earlier by reacting it with either the (R)-
or (S)-tosylates (40a and 40b, individually) to synthesize the the Ny-ethynyl derivatives 61
(scheme 8). The B-keto esters, represented by the tertiary amins 62 were synthesized in high
yield through the asymmetric Pictete-Spengler reaction, followed by the Dieckman reaction.
Which were then subjected to the acidic condition with heating to provide the Ny-ethynyle-
tethered tetracyclic ketones 60 (with R- and S-methyl functions) individually in 48 to 64% overall
yield by loss of CO,. This was two steps shorter then the previously developed method’3. (Scheme

8)
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Scheme 8. Access to the common bicyclo [3,3,1] tetracyclic system in reduced steps by Rahman

et al.”?

1.3.7 100 percent Sterioselectivity in the asymmetric Pictet-Spengler

reaction by Rahman et al.

From the recent studies carried out by Rahman et al.”® various experimental results with
unprecedented stereoselectivity were achieved with controlling the reaction conditions of the
Pictet-Spengler reaction, both thermodynamically and kinetically. For example, the D-tryptophan
derivative with an (R)-methyl substituted ethynyl group tethered to the Np-nitrogen atom 63
resulted in a complex, inseparable reaction mixture under the common thermodynamic

conditions
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Scheme 9. Sterioselectivity in the asymmetric Pictet-Spengler reaction by Rahman et al.

of the Pictete-Spengler reaction using the acetal 14, whereas the 1,3-trans diester 69 could be
synthesized from the (S)-methyl derivative 67 as the sole product in excellent yield under the
same condition developed previously (Scheme 9). It was also found that under mild acidic
condition the 1,3- cis diester could be synthesized as a kinetic product using 64, whereas the use
of TFA and either 14 or 64 facilitated the thermodynamically more stable 1,3-trans diester 69.

Interestingly, the 1,3-cis diester 68 could be converted to the 1,3-trans 69 diester on treatment
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with TFA in excellent yield (Scheme 9). This achievement of gave unprecedented stereoselectivity
was used to synthesize different sterioisomers.?> 52 6,72, 73|t is termed the ambidextrous Pictet-

Spengler reaction.’? 73

1.3.8 Objectives

Indole alkaloids found in the plants of the Apocynaceae, Rubiaceae, and Loganiaceae families
exhibit numerous biological activities (such as anti-tumor, anti-microbial, anti-HIV, anti-
hypertensive and central nervous system stimulant).” Among the Apocynaceae, the genus
Tabernaemontana is especially rich in indole alkaloids. Among the Apocynaceae, the genus
Tabernaemontana is especially rich in indole alkaloids. In 2005, Monnerat et al. studied
Tabernaemontana hystrix, a native species of the Atlantic forest in Southeastern Brazil and
reported the phytochemical analysis of the crude methanolic extract of T. hystrix, which allowed
them to characterize the presence of five indole alkaloids ibogamine (71), olivacine (72), affinine
(73), affinisine(74), Np-methylaffinisine (75) along with the new sarpagine related indole alkaloid
named hystrixnine (70) .”* The structures of this novel sarpagine related alkaloids was elucidated

via analysis of 1D and 2D NMR spectroscopy.*!
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Figure 6. Indole alkaloids extracted from the T. hystrix by Monnerat et al.*!

In 2008, Vieira et al 7. investigated this hystrixnine along with some other indole alkaloids
extracted from T. histrix., T. laeta., and T. australis and found that the hystrixine exhibit
acetylcholinesterase (AChE) inhibitory activity. We know that symptomatic pharmacological
treatment of Alzheimer’s disease (AD) is mainly based on the use of acetylcholinesterase
inhibitors (AChEIl) (e.g., donezepil, rivastigmine, and galanthamine). These inhibitors have
beneficial effects on cognitive, functional, and behavioral symptoms of the disease as well as
some undesired side effects.”® The need for novel treatments of AD with reduced side effects is
an unmet therapeutic need. Moreover the role of cholinesterase inhibitors in AD are still not
completely understood; therefore the investigation of the natural AChE inhibitors such as

hystrixnine could lead to clinically or at least scientifically important results for AD.
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Gelsemium is a genus of flowering plants in the Gelsemiaceae family (previously classified in
the Loganiaceae family; Struwe et al., 1994)’7. This genus contains three species: the Asian
Gelsemium elegans (Gardn. & Champ.) Benth. and two North American species, Gelsemium
sempervirens (L.) and Gelsemium rankinii Small (Ornduff, 197078; Robert and Broyles, 19937°). All

three of the species are well-known for their toxicity.

Figure 7. (A) Flowers and leaves from Gelsemium elegans. (B) Roots of Gelsemium elegans. (C)

Flowers of Gelsemium sempervirens

Among them Gelsemium elegans species is distributed in the Fujian, Yunnan, Guizhou,
Guangdong and Guangxi provinces in southern China and over southeastern Asia (Wu et al.,
1996).2° It has been used in traditional Chinese medicine to treat certain types of skin ulcers,
headaches and cancer pain (Editorial Committee of Zhonghua Bencao National Traditional
Chinese Herb Administration, 1999)%. Gelsemium sempervirens, commonly known as yellow

jasmine in North America, and is native to the southern regions of the United States®. Gelsemium
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sempervirens is being used in traditional homeopathic medicine, as a well-known remedy for the
treatment of neuralgia, migraines, uterine pain, rheumatism, influenza, nausea and whooping
cough (Dewey, 1921; Grieve, 1971; Gutman, 1972; King, 1900; Bousta et al., 2001; Bellavite,
2011a; Paris et al., 2012). It is also frequently used as a mild sedative for a variety of anxiety-like
psychological and behavioral condition (Bellavite et al., 2009; Dutt et al., 2010). Magnani et al.
(2010) reported that series of centesimal dilutions of Gelsemium sempervirens, prepared
according to the homeopathic pharmacopeia, has anxiolytic-like effects in mice. From In vitro
experiments it was found that Gelsemium sempervirens effectively changes the emotional
responses of mice to novel environments, which increases exploratory behavior and decreases

thigmotaxis or neophobia (Magnani et al., 2010; Bellavite et al., 2011b).

Consequently, considering the biological and medicinal activity of the compounds isolated form
these plant families it is desirable to synthesize these compounds along with some other closely
related sarpagine related indole alkaloids like O-methyl macusine B and 16,17-dihydro-O-methyl
macusine B, in amount large enough for further biological investigation or provide a rout bu

which this result could be achived.
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1.4 Synthetic approach

1.4.1 Retrosynthetic analysis

The selected target indole alkaloids hystrixnine (70), gelsempervine A (76), gelsempervine B (77)
O-methylmacusine B (84) and 19,20-dihydro-O-methylmacusine B (83) belons to the sarpagine
family of indole alkaloids, which contain a common pentacyclic core of sarpagine alkaloid 7. The

three alkaloids 70, 76 and 77 also share a common C=0 group at the C-3 position.

Hystrixnine 70 Gelsempervine & 76 Gelsampervine B 77

H
I,-D‘: ' CCH,

e
A
O-methylmacusine B 159,20-dihydro-O-methylmacusine B
84 83

Figure 8. Target alkaloids hystrixnine (70), gelsempervine A (76), gelsempervine B (77) O-

methylmacusine B (84) and 19,20-dihydro-O-methylmacusine B (83)
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In a retrosynthetic sense, the alkaloid 77 could be synthesized from (76) via acetylation of the
axial alcohol at the C-17 position. The compound 76 could be synthesized from selective bond
breaking of the C-3 and Np-4 bond of 78, which is the key to the synthesis of three of the target
alkaloids. All three can be derived from the beta-hydroxy ester 78. The beta hydroxy ester 78
could be synthesized from the reductive cleavage of the cyclic a-methyl ester 79. The cyclic ester

79 could be synthesized by radical oxidation of the diol 80, which in turn could be derived from

the aldehyde 81 through Tollens-like (cross Cannizzaro) reaction.

ﬂ

Hystrixnine C-methylmacusine B 19, 20-dihydro-0-
methylmacusine B

Scheme 10. Retrosynthetic analysis

43



The aldehyde 81 can be synthesized from the pentacyclic ketone 29 via a Wittig reaction,
followed by reduction. This pentacyclic ketone core intermediate 29 is the key to the synthesis
of all the target alkaloids mentioned before in this section and could be synthesized from the D-
tryptophan methyl ester 13 via subsequent steps, which includes the formation of key
intermediates 37 and 82. The other target alkaloids hystrixnine (70), O-methylmacusine B (84)
and 19,20-dihydro-O-methylmacusine B (83) could be derived from the common intermediate

85, which in turn could be synthesized from the pentacyclic ketone 29.
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1.5 Results and discussion

1.5.1 Synthesis of pentacyclic ketone 29

The first goal was to synthesis of the pentacyclic ketone 29, which was achieved by employing

the protocols developed previously in Milwaukee by J. Li.®” (Scheme 11)
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- - NH PRCHO/CH,OH, rt, 6h '
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Scheme 11. Synthesis of pentacyclic ketone 29
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As illustrated in Scheme 11, the D-tryptophan methyl ester 13 was synthesized by treating the
commercially available D-tryptophane methyl ester hydrochloride salt 86 with 14% aqg NH4OH on
400g scale. This was then converted into Ny -benzyltryptophan methyl ester 13a on stirring with
benzaldehyde at room temperature (6 hours), followed by reduction of the imine, which resulted,
in situ with sodium borohydride [-10 °C to —8 °C (2-5 hours, according to the scale)]. The optical
purity of the Np-benzyltryptophan methyl ester 13a prepared in this manner was found to be
greater than 98% ee as determined by comparison to data from authentic samples.?® To
introduce the desired stereocenter at C-3 the asymmetric Pictet-Spengler reaction8+# was
employed with methyl 4,4-dimethoxy-butyrate 14, which can be prepared on a kilogram scale;
and Ny -benzyl tryptophan 13a to provide the trans diester 15 as a single diastereomer in 92%
yield. The purification of 15 was achieved by recrystallization from ethanol. The synthesis of 14
was achieved by a two step synthesis process; the first step of which was the synthesis of y-nitro
butyrate 14b from the reaction of methyl acrylate with excess nitrobenzene in the presence of
K2COs. The yield of this reaction was about 60%, which is much better than the previously
reported yield in Milwaukee (30%), where the reaction process involved the use of 0.6 N aqueous
NaOH and it took 3 days to finish. Whereas, the much improved process reported here, produced
almost twice the yield then before with only 12 hours needed to finish the reaction and a much

easier workup to obtain the isolated nitro ester from the reaction mixture. (Scheme 12)
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Scheme 12. Synthesis of methyl 4,4-dimethoxy-butyrate 14

In the next sequence, diester 15 was heated in toluene with an excess of NaOMe, generated in
situ with NaH and dry MeOH in toluene, which was heated to reflux to achive the Dieckmann
cyclization. This was followed by quenching the reaction mixture with glacial acetic acid at 0 °C.
After the removal of the solvent, glacial acetic acid, concentrated aqueous HCl, and water were
added to the mixture at 0°C and this was followed by heating the reaction mixture at reflux
temperature to effect hydrolysis and decarboxylation of the ester function to furnish the Np-
benzyl tetracyclic ketone 16 in 91% yield and 98% ee. The ketone 16 was subjected to
debenzylation in the presence of Pd/C and H; to furnish the synthesis of key tetracyclic ketone

37 in 97% yield and the optical purity was confirmed by optical rotation.

In the next sequence, the Np-alkylation of the secondary amine 37 was carried out with (2)-1-
bromo-2-iodo-2-butene 91 under the conditions developed in Milwaukee (THF-H20/K>COs3 rt)°®
92 in 87% yield (Scheme 11) . The product 37 was purified by chromatography. The vinyl iodide
91 required for this route was synthesized via a-iodination of an a,B-unsaturated aldehyde 88
under the conditions of Kraft, >> %3 which exclusively formed only the Z-isomer 89. This material

without further purification underwent the subsequent reduction®® to provide the desired
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alcohol 90 in 96% overall yield. This alcohol 90 was then treated with PBrz in dry ether at 0 °C for

12 hours to provide the desired bromide 91 in 93% yield. (Scheme 13)

I3 (2eq), k2005 (1.2eq), MNaBH, (0.4eq),
- N =0 THF-H-0(9:1] OH PBry(0.deq), E 0 pBr I
cHo DMAP (0.2eq) 20(9:1) crsiadeal,
(1-11 0% 0°C te rt, 2hr 0°Ctort, 18hr N,
/ﬁ THF-H;0(1:1),0%Crt, & ' P .
- 96% overall 93% o
50 (Z)-1-bromo-
rlodobut-2-ene

Scheme 13. Synthesys of (Z)-1-bromo-2-iodo-2-butene 91

The synthesis of the pentacyclic ketone 29 was achived via an enolate mediated intramolecular
palladium cross-coupling reaction using 5.0 mol% Pdx(dba)s, 7.0 mol% DPEphos as a ligand and
1.5 equivalents of NaOtBu as a base in THF at 80 °C for 5 hours in 82% vyield. The structure of 29
was confirmed by NMR, HR mass spectroscopy and the optical purity of the 29 was confirmed

by comparison of the optical rotation with the known material?3.
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1.5.2 Study of model reactions to break the C(3)-N(4) bond of the

sarpagine core

After obtaining the pentacyclic ketone 29, it was utilized to do model reactions to determine if
the Cs3- N4 bond was breakable, which was vital to the synthesis of three of the target indole
alkaloids. The similar reaction conditions were employed using the Np-benzyl tetracyclic ketone

16 as the reactant for the same reason.

The synthetic strategy with the model reactions was to prepare the salts of the tetracyclic and
pentacyclic ketones by methylating the Ny-4 position since the final target indoles have a methyl
group at that position or by protecting the Ny-4 with a carbamate such as Cbz-Cl which would
then be subjected to the basic conditions; strong enough to break the bond at elevated
temperature, as well as introducing the -OH group at C-3 position, which could be converted into
a ketone to achieve the desired functionality of the final targets. The mechanistic explanation for
these synthetic approaches is shown in Scheme 14. The same mechanistic approach was
implemented to carry out some rections with various reaction conditions using the Ny-benzyl
tetracyclic ketone 16. It should be mentioned here that similar types of reactions have been done
on different indole alkaloid by Schill et al. ®> and Bonjoch et al. °® in moderate to good yields. The
reaction conditions employed to obtain the desired bond breaking at C(3)-N(4) in the reaction

scheme are being discribed in the next sections.
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Scheme 14. Mechanistic approach towerds the breaking of the C-(3) and Np-(4) bond of 29.

1.5.3 Formation of the qurternary amine 92 and use of the material in

the bond breaking approach

Originally, the synthesis of the quartenary amine 92 was carried out several times using the Ny-
benzyl tetracyclic ketone and methyl triflate in dichlomethane at 50 °C for 12 hours in 96% yield.
Then a series of bases were used to break the C(3)-N(4) bond of the quarternary amine 92, as
well as introduce the -OH functionality at C(3) position of 92. At this point achieving the S or R
sterio isomer was not the point of interest since the alcohol will be converted to the keton
functionality later on to synthesize the final targets (70, 76 and 77). Unfortunately, none of the

reaction conditions have worked with zero product formation.
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CF350,0CHs (1.2eq),
pcm, 50°c, 12h

96%

o Base, solvent

Heat
Y

Scheme 15. Synthesis of methiodide salt 92 and approach towards the breaking of the C(3)- N(4)

bond of 92 using the reaction conditions of Table 4 to provide 92a
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Table 4. Reaction conditions for the approaches toward the synthesis of 92a. (Note: SM=

Starting material)

92 Base Solvent Temperature Time Result
10 mg Na,CO;, 3eq THF, H,0 Reflux 24h SM
10 mg Na,CO; , S5eq THF, H,0 Closed tube, 80°C 24h SM
10 mg Na,CO;, 9eq THF, H,0 Reflux 24h-36h SM
10 mg Cs,C04, 5eq THF, H,0 Closed tube, 80°C 24h SM
10 mg Cs,C0,, 5eq DMF, H,0 Reflux, 150°C 12h, 24h SM
10 mg NaOH, 5eq THF, H,0 Reflux 24h SM
10 mg NaOH, 5eq DMF, H,0 Reflux/Closed tube 24h, 36h SM

Similarly, for the same purpose of breaking the C(3)-N(4) bond of the quarternary amine 92, as
well as to introduce the -OCH3 functionality at C(3) position of 92, the base NaOCHs (both
commertially available and freshly prepared in situ) was used (Scheme 16) at various reaction
conditions (Table 5). From the examination of the primary mass spectrometric data on the crude
material (Figure 8) it was found that the ether 92b was formed under a reaction condition when
18 equivalents of NaH was used as a base and methanol: toluene (1: 2) was used as solvents in
closed tube at 110°C for 36 hours (Table 5). But the product could not be confirmed by NMR
spectroscopy since it was not stable during the attempts to take an NMR spectrum on the crude

mixture and was found to be converted back into the starting material 92. Similar attempts were
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taken later to regenerate the same reaction result under the same condition, but the attempts

proved to be unsuccessful.

CF;S0,0CH, (1.2eq),
DCM, 50°C, 12h

-

Ph

o Base, Solvent,
Heat

H Ph

Scheme 16 Synthesis of 92 and approach towards the breaking of C(3)- N(4) bond of 92 using the

reaction conditions outlined in Table 5 to get 92b
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Table 5. Reaction conditions for the approaches toward the synthesis of 92b. (Note: SM=

Starting material)

92 Base Solvent Temperature Time Result
20 mg NaOCH;;, (3eq) MeOH Reflux 24h SM
20mg NaOCH; (3eq) MeOH Closed tube, 80°C 24h SM
20 mg MNaH (3eq) MeOH Reflux 24h-36h SM
20mg MaH (3eq) MeQH Closed tube, 80°C 24h SM
20mg MaH (5eq) MeOH Closed tube, 80°C 24h SM
20mg MaH (9eq) MeQOH Closed tube, 80°C 36h SM
20mg NaH (18eq) MeOH: Toluene (1: 2)  Closed tube, 110°C 36h Product
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Figure 8. Mass spectroscopy data on formation of 92b from 92

1.5.4 Formation of the quarternary amine 93 and the use of 93 in the
bond breaking approach

Similar to the previously mentioned reaction conditions in Section 1.5.3, the same approach was
taken to determine if the C(3)-N(4) bond would break. In this case, to methylate the N(4) nitrogen
atom of the pentacyclic ketone 29, excess CHsl in dry MeOH was used and the reaction was
carried out in dark at 0°C to room temperature for 24 hours to obtain the quarternary amine 93

(Scheme 17). Again, all the approaches (Table 6 and 7 ) to introduce the -OH functionality at the
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C(3) position of 93 was unsuccessful. But in order to introduce the -OCHjs functionality at the C(3)
position the quarternary salt 93 was used in the synthetic approachs employing the reaction
conditions of Table 8. In this study the partial conversion of 93 was observed to the product 93a
under the reaction condition, where 10 equivalents of comartially available NaOCH3 was used as
a base; MeOH:Toluene (1:1) mixture was used as solvent and the reaction mixture was heated

at 110° in a closed tube for 24 hours.

CH;l(excess) , MeOH
0%C-rt, 24h (dark)

Base,
Solvent,
Heat

Scheme 17. Synthesis of 93 and approach towards the breaking of the C(3)- N(4) bond of 93 using

the reaction condition of Tables 6 and 7 to provide 93a
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The primary mass spectral data on the crude mixture showed the product 93b had formed but

the conversion of reactants to products was not significant. (Figure 9)

Malezular Weighl, 293 38

Q

Moleodlar Weight 324 42

Figure 9. Mass spectroscopy data of the partial formation of 93b from 93 in the crude reaction

mixture

Again, these reaction conditions could not be improved, as the product seemed to be highly
unstable and the conversion of reactant to product was significantly low. Instead of conceding at
this point, other reactions were carried out later by using different amine protecting groups

instead of methylation of N(4). The Wittig reaction to the enol ether of 29 was attempted to
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determine if the C(3)- N(4) bond would break and stabiliz the product long enough to carry out

the next reaction necessary to obtain the final target.

Table 6. Reaction conditions for the approaches toward the synthesis of 93a. (Note: SM=

Starting material)

93 Base Solvent Temp. (°C) Time Result
15mg Na,CO; (2eq) DMF, H,0 120 24h SM
15mg Na,COs(3eq) DMF, H,0 120 24h SM
15mg K,CO; (2eq) DMF, H,0 120 24h SM
15mg Cs,C0; (2eq) DMF, H,0 120 24h SM
15mg Cs,C0; (3eq) DMF, H,0 120 24h SM
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Table 7. Reaction conditions for the approaches toward the synthesis of 93a. (Note: SM=

Starting material)

Scale of SM Base Solvent  Temperature (°C) Time Result
10 mg Na,C0;, 5eq THF, H;0 Reflux 24h M
10 mg Na,C0;, 5eq DMF, H,0 Reflux Up to 24h M
10 mg NaOH, 5eq THF, H,0 Reflux 24h M
10 mg NaOH, 5eq DMF, H,0 Reflux/Closed Tube 24h, 36h -5M
10mg NaOH, 10eq THF, H,0 Reflux 24h M
10mg KOH, 5eq THF, H,0 Reflux 24h SM
10mg Cs,C0;, S5eq DMF, H,0 Rt to reflux 36h 5M

1.5.5 Approach towards the formation of the amide 95 and subsequent

use of 95 in the C(3) -N(4) bond breaking attempts

After being unsuccessful in using the previous reaction conditions using the Np-benzyl tetracyclic
ketone 16 and the pentacyclic ktone 29, it was decided to synthesize the compound 94 through
the Wittig reaction conditions using methoxymethyltriphenylphosphoniumchloride and NaOtBu
in anhydrous benzene at room temperature (24 hours). The product was purified by column

chromatography after workup and the yield of the reaction was more than 85%. Although two
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diesteriomeric products were observed in TLC only one of the diesteriomers 94 is major one
which was separated by column chromatography (stereochemistry unknown) from the other and

was used in further reactions to protect the N-4 nitrogen atom of 94 with Cbz-Cl. (Scheme 18)

CH,OCH,PPh,CI,
NaOtBu, dry Benzene

THF, rt,24h
—_—
83%

Chz-Cl, Base,
Solvent, Heat

Scheme 18. Synthesis of 94 via the Wittig reaction condition and approach towards the protection

of the N(4) group of 94 with the carbamate Cbz-Cl using the reaction conditions of Table 8.
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Table 8. Reaction conditions for the approaches toward the synthesis of 94a. (Note: SM=

Starting material)

SM ChzCl Base Solvent Temp. ('C) Time T
15mg Seq Na,CO; (3eq) DMF, H,0 90 24h SM
15mg Seq Na,CO; (5eq) DMF, H,0 90 24h SM
15mg Seq K,CO4 (3eq) DMF, H,0 90 24h SM
15mg Seq K,CO4 (Seq) DMF, H,0 90 24h SM
15mg Seq Cs,C0; (3eq) DMF, H,0 90 24h SM
15mg 10eq Cs,C0; (5eq) DMF, H,0 120 24h SM+ 94b
15mg 10eq NaOH (3eq) DMF, H,0 120 24h SM
15mg 10eq TEA (3eq) DMF, H,0 120 24h SM
15mg 5eq K,CO4(3eq) THF, H,O Rt to reflux 24h 94b

From the experimental results (Table 8) it was found that the benzyle carbamate protection could
not be achieved at the N(4) position and when 5 equivalents of Cbz-Cl was used with K,COs as
base in THF/H,0 .The mixture was allowed to stirr at room temperature to reflux for 24 hours
and the N(4) benzyl protectected 94b was formed with no starting material left. The structure of
94b was confirmed by the NMR and mass spectroscopy. The amine 94b was then used to study
the previously discussed C(3)-N(4) bond breaking process to furnish the alcohol 94c and

experimentally these attempts also did not produce useful results.(Scheme 19)
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Baze, Solvent,
Heat

L 4

Scheme 19. Synthetic attempts to produce 94c using the reaction conditions from Table 9.

Table 9. Reaction conditions for the approaches toward the synthesis of 94c. (Note: SM=

Starting material)

Solvent Temp (°C) Time Result

20mg Na,CO, (3eq) THF, H,0 65 16h SM
20mg Cs,CO, (3eq) THF, H,0 65 16h SM
15mg NaH (3eq) DMF, H,0 90 16h SM
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From the synthetic studies carried out in sections 1.5.3 to 1.5.5 it was observed that the breaking
of C(3)-N(4) bond was too difficult to successfully execute in this work. It was cleavable at certain
reaction conditions but could not be repeated. It can be said that the bond cleavage at C(3) —N(4)
position was not stable unless the resultant product can be stabilized chemically by some other
means. If one could have incorporated a hydroxyl group at C(3) position the opportunity to carry
out further oxidation of the C(3) —OH group, could potentially have led to the synthesis of the

initial 3-oxo target alkaloids.

1.5.6 Attempts to reduce the enol ether bond of 94

Another study was carried out to reduce the reaction steps in going from the enal reactant 94 to
the product 95, which was usually be carried out by acidic hydrolysis of 94 to aldehyde 81. Then
the aldehyde 81 would be epimerized completely to the a aldehyde and then into the alcohol 85
by sodium borohydride reduction at 0°C in ethanol for 8 hours in good yield. By selective
methylation of this alcohol, this could then lead us to the expected ether 96. If the selective
reduction of 94 could be achieved, then the previously mentioned steps could be reduced, as
well as the overall number of steps in the total synthesis of hystrixnine 70. For the reduction of
the enol ether the following reaction conditions have been explored (see Table 10) and the

experimental results have shown in Scheme 20.
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Scheme 20. Approach towards the reduction of enol ether bond of 94

Table 10. Reaction conditions for the approaches toward the synthesis of 96. (Note: SM=

Starting material)

SM Reagents Solvent Temp (°C) Time Result
20mg  EtSiH, BF. EL,0 MeOH rt to 50 8h SM
20mg Et;SiH, TFA CH,Cl, 0 —rt to reflux 8h 85
20mg Pd(OH}), MeOH, H, rt 16h 97 and 99(major)
20mg Pt(IV)Oxide Ethanol, H, rt 16h 97 and 99 (major) |
20mg Pd(OAc), Ethanol, H, rt 12h 99
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No formation of ether was observed for the reaction condition (Et,SiH, BF,. Et,0/MeOH, rt to

50°C for 8 hours). Whereas the use of the triethylethylsilylether and TFA lead to the product 85,
which could be due to the presence of moisture in TFA during the reaction. Under this condition
the enol ether may have hydrolyzed to aldehyde and later was reduced to the alcohol 85. On the
other hand, use of both Pd(OH), / MeOH, H, and Pt(IV)oxide /EtOH, H; reaction condition resulted
in formation of the two different types of products 97 and 99 (major). The enal 97 was the result
of the reduction of the C(19)-C(20) ethylidine bond and the 99 was the result of the reduction of
both the C(19)-C(20) ethylidine bond and the enol ether bond at C(16)-C(17). These results were
confirmed by analysis of the crude NMR of the reaction products and compared it with the known
NMR of the reactant 94. Interestingly, when Pd(OAc)./EtOH, H2 was used at room temperature
only the product 99 was formed with two chiral diesteriomers (the major S diesteriomer at C-19
was isolated through and confirmed by NOESY and NOE). This 99 was later utilized to synthesize
the 19,20-dihydro-O-methylmacusine B. However, the bottom line was the desired product 96

could not be synthesized using any of the reaction conditions discussed above.

1.5.7 Selective methylation of alcohol 85 to the ether 95

Since the selective reduction of enol ether 94 to the ether 96 was not successful, the selective
methylation of alcohol 85 to ether 95 was attemped by using the methylating agent
trimethylsilyldiazomethane/ HBF1 (48% in H,0) depicted in (Scheme 20). This reaction was
attempted by following the reaction condition developed by Toyohiko Aoyama et al.®” At first the

alcohol 85 should react with trimethylsilyldiazomethane under acidic condition to provide the
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trimethlsilyldiazonium salt 85a and free diazomethane 85b, which will then react with another
molecule of alcohol 85 to produce the methyl ether 95. Under acidic condition the byproduct 85a
should covert back to the starting alcohol 85. To maintain this reaction cycle 0.5 eqivalent of
trimethylsilyldiazomethane was introduced into the reaction mixture after every half an hour at
0°C. The reaction was monitored by TLC (silica gel,10% methanol and 90% dichloromethane) upto
4 hours (Scheme 21). It was observed that the reaction was never complete and resulted in a
mixture of the starting alcohol 85 and unexpected demethylated product 100 (product confirmed
by NMR spectroscopy of the crude and mass spectroscopy). The complex reaction conditions with
continuous addition of trimethylsilyldiazomethane led to the undesired product formation of
100. It should be noted that the same reaction conditions was used by Toyohiko Aoyama et al.
to methylate simple alcohols, which was less complex as compared to the alcohol 85, and even
for the selective methylation of the Aoyama alcohols, the percent yield was not impressive all

the time.

H Ohe H OMe
ey CHM, HBF4{48% in Hy0), ! !
CHyCLy, MeOH(D SmL)
o, ah

85 a5
(not observed)

Scheme 20. Approach towards the selective methylation of 85 to 95 using trimethylsilyl-

diazomethane.
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Proposed mechanism

0SiMes

H
Me;SICHCN,
— O ‘\ g CH N,
N N 85h
85a

H+
- Me5SioH O L
N

Scheme 21. Proposed mechanism for the formation of diazomethane illustrated in Scheme 20

1.5.8 Selective dimethylation of alcohol 85

Since three of the target alkaloids 70, 83 and 84 share the common structural resemblance of
having a methyl group at the N(4) position and an ether group at the C(16) position, the selective
dimethylation of 85 using 85/bases and methyl iodide in different solvents could result in the
expected product 101, the precoursor of the target alkaloids 70, 83 and 84. Consequently, the

different reaction processes depicted in Table 11 were carried out and it was observed from the
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results of those reactions that due to the similar acidity of the indole N-H and the alcohol at C-
17, using more then 1 equivalent of base resulted in the unwanted product 102. This is from the
methylation of the Ny-4 nitrogen atom and alcohol at C-17 as well as the indole N-H. When the
K2COs3 was used in less then 1 equivalent, this unwanted trimethylated 102 was not formed. The
products 95 and 101 could not be separated through column chromatography since both stayed
at the baseline when it was attempted to seperated them using TLC (silica gel,10% methanol and
90% dichloromethane). Consequently, further improvement to this reaction could be achieved
by introducing 1.1 equvalet of of K,COs slowly into the reaction mixture at low temperature and
monitoring the reaction carefully using TLC and mass spectroscopy by collection of a sample from
the reaction mixture after every half an hour. This condition was not attempted due to lack of

starting material 85, but is a useful experiment to try in the future.

CHal [2eq), Base
Solvent

Scheme 22. Approach towards the selective methylation of 85 to 101 using methyl iodide and

base.
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Table 11. Reaction conditions for the approaches toward the synthesis of 101 using

methyl iodide.
Scale of SM Base Solvent  Temperature Time Result
10 mg K,CO; (2eq) MeOH rt 10h 101 and 102
10 mg DIPEA (2eq) MeOH rt 10h 102
10 mg K,CO; (2eq) MeOH -159C to rt 12h 101 and a02
10 mg K,CO; (0.9 eq) THF 0°%C to rt 12 h B, C
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Mass Spectrum
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Figure 10. Mass spectroscopic data of the reaction Scheme 22 using 0.9 eq K.COs / THF (as a base

and solvent), respectively
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1.5.9 Synthetic approach towards 19,20-dihydro-O-methylmacusine B

From the rests found previously from the reduction of enol ether 94, this led to the use of
Pd(OAc), reduction of 94 to provideproduct 99 (Scheme 23) which was the precoursor to the
target alkaloid 19,20-dihydro-O-methylmacusine B (83). When this reaction was repeated a
couple of times at 100 mg scale it was observed from TLC (silica gel,10% methanol and 90%
dichloromethane) that two major materials could be detected with significantly close R¢ values.
These two spots (one spot was major and the other was minor) were separated using the column
chromatography (5% to 7% methanol and CHxCl,). Examination of the spectroscopy of the crude
material indicated each component, contains two different sets of protons (one major sets of
protons) but the mass spectroscopy shows indicated only one peak for both spots. This implys
that there were in total four possible diesteriomers 99a-99d from this reaction with the same

molecular weight ( Figure 11).

H OMe

Pd{0Ac); (0.9eq)
Hj, Ethanol, 12h

Scheme 22. Synthesis of 99 from 94
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99¢ (165, 19R) 99d (16R, 19R)

Figure 11. Four diesteriomeric products formed from the reaction Scheme 22

The stereochemistry of the compound 99 at C-19 was confirmed from the study of the reaction
Scheme 23 where the major product was isolated from the reaction of pentacyclic ketone 29 with
palladium acetate under H, furnished the C-19S stereochemistry, which was confirmed by NOESY
and NOE experiments. It was still necessary to carried out the chiral HPLC to find out the purity

of the dihydro compound 103 as well as the ratio of the diesteriomers formed in these reactions.
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Pd{DAc); (0.9eq)
Hs, Ethanal, 12h

Scheme 23. Synthesis of 103 from 29

The isolated product with the unknown stereochemistry at C-16 position was allowed to react
with excess CHsl in dry MeOH to get the product 104 (Scheme 24). It was difficult to integrate the
crude NMR of the product science it was a mixture of two diesteriomers. To get the selective
stereochemistry of 19,20-dihydro-O-methyl macusine B at C-16 some chral ligand should be used

with palladium acetate and H..

H Qe H Ohe

excess Mel, Methanal
rt, 24h

Scheme 24. Synthesis of 104 from 99
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Overll, from the results shown above from different experiments, done at various reaction
conditions provides some significant insights into the synthesis of the targated natural products.
The underlying reason for the unsuccessful C(3)-N(4) bond breaking approach could be due to
the unstable ten membered ring which would be formed after the breaking of the C(3)- N(4)
bond. Although the attempts were unsuccessful most of the time it provides useful information
about the synthetic pathway towards the targets. Different synthetic strategies could be
attempted to synthesize these products by avoiding the unsussessful reaction pathways explored

so far during these studies.

1.6 Experimental

1.6.1 General Experimental Considerations

All reactions were carried out under an argon atmosphere with dry solvents using anhydrous
conditions unless mentioned otherwise. Some cases, the solvents (THF, DMF, toluene, DCM,
MeCN, and MeOH) were dried using an Innovative Technology solvent purification system, Pure
SolvTM. Occasionally, tetrahydrofuran was freshly distilled from Na/ benzophenone ketyl prior
to use. Dichloromethane was distilled from calcium hydride prior to use. Methanol was distilled
over magnesium sulfate. Benzene was distilled over CaH, . Reagents were purchased of the
highest commercial quality and used without further purification unless otherwise stated. Thin

layer chromatography (TLC) was performed on UV active silica gel plates, 200 um, aluminum
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backed and UV active alumina N plates, 200 um, F-254 aluminum backed plates. Flash and gravity
chromateography were performed using silica gel P60A, 40-63 um, basic alumina (Act I, 50-200
um) and neutral alumina (Brockman I, ~150 mesh). TLC plates were visualized by exposure to
short wavelength UV light (254 nm). Indoles were visualized with a saturated solution of ceric
166 ammonium nitrate (CAN) in 50% phosphoric acid. Melting points were taken on a Stuart
melting point apparatus SMP3 manufactured by Barloworld Scientific US Ltd. Proton (*H NMR)
and carbon high resolution nuclear magnetic resonance spectra (*3C NMR) were obtained on a
Bruker 300-MHz or a Bruker 500-MHz NMR spectrometer. The 'H NMR data are reported as
follows: chemical shift, multiplicity (br s = broad singlet, s = singlet, d = doublet, t = triplet, q =
guartet, quin = quintet, dd = doublet of doublets, dt = doublet of triplets, ddd = doublet of doublet
of doublets, td = triplet of doublets, gd = quartet of doublets, m = multiplet), integration, and
coupling constants (Hz). The 3C NMR data are reported in parts per million (ppm) on the & scale.
The low-resolution mass spectra (LRMS) were obtained as electron impact (El, 70eV) mass
spectrometer and as chemical ionization (Cl) using a magnetic sector (EBE) analyzer. HRMS were
recorded by electrospray ionization (ESI) using a TOF analyzer, electron impact (El) using a
trisector analyzer and Atmospheric Pressure Chemical lonization (APCI) using a TOF analyzer.

Optical rotations were measured on a JASCO Model DIP-370 polarimeter.
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1.6.2 D-(-)-Tryptophan methyl ester 13

LOMe CO.Me

*Hacf 14% aq NH,OH
- b

N CH:Cl;
H

86 13

The free base 13 was prepared by the treatment of commercially available D-(-)-tryptophan
methyl ester.HCl salt 86 (500g, 1.96 mol) with cold ag NH4OH (10%), followed by extraction with
CHCl; in methanol (4:1, 3 x 1000 mL). The solvent was evaporated under reduced pressure, after
which the solid was re-dissolved in CH,Cl; and dried (K2COs3). The CH,Cl; layer was removed under
reduced pressure to provide D-(-)-tryptophan methyl ester 13 (392 g, 91%); mp 92-93 °C ; [a]p?’
=-37.2 (c 1.0 in MeOH); IR (KBr) 1730 cm-1; *H NMR (250 MHz, CDCl3) &4 1.62 (2H, s), 3.05 (1H,
dd,J=14.5,7.5Hz),3.29(1H, dd, J = 14.6, 5.8 Hz), 3.74 (3H, s), 3.86 (1H, dd, ) = 7.5, 4.8 Hz), 7.04-
7.23 (3H, m), 7.35 (1H, d, J = 7.5 Hz), 7.61 (1H, d, J = 7.5 Hz), 8.24 (1 H, s); 13C NMR (62.8 MHz,
CDCl3) &¢ 30.83, 51.86, 55.06, 111.19, 118.73, 119.49, 122.11, 122.87, 127.57, 136.37, 175.71.
EIMS (m/e, relative intensity) 218 (M+, 78), 159 (57), 130 (100), 117 (33). Anal. Calcd. for
C12H1402N; : C, 66.06; H, 6.42, N, 12.84. Found: C, 66.14; H, 6.33; N, 12.77. This material was

identical to that employed in previous experiments.”3
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1.6.3 D-(+)-Nb-Benzyltryptophan methyl ester 13a

CO,Me $OMe
\ PhCHO/ MeOH, rt 6h

H
A NH, s A
N NaBH,, -10°C, 4h N
N H

13 13a

To a round bottom flask (3000 mL) which contained a solution of D-(-)-tryptophan methyl ester
13 (408 g, 1.87 mol) in dry CH3sOH (1500 mL), benzaldehyde (260.0 g, 2.3 mol) was added. The
solution which resulted was stirred with an overhead stir for 6 h at 22 °C, until examination by
TLC (silica gel) indicated the disappearance of 13. The mixture was then cooled in an ice-salt bath
to -5 °C [It was much easier to maintain the inside temperature between -10°C to -5°C by the
employment of a dry ice bath (without solvent)]. If the temperature falls below -15°C, a large
amount of solid will appear and it is too difficult to stir the reaction mixture. Sodium borohydride
(42 g, 1.1 mol) was then added portion wise at -5 °C over a period of 2.5 h [The slow addition and
lower temperature of this process are critical to avoid racemization of the chiral center]. The
solution was stirred for 3 h and then followed by the addition of ice water (50 mL). The solvent
was removed under reduced pressure. The residue was dissolved in CHCl3 (2000 mL) and washed
with brine (2 x 500 mL). The organic layer was dried (K,CO3) and the solvent was removed under
reduced pressure to give the free base 13a (525 g, 90%) which could be further purified by

crystallization from EtOH. mp 109-110 °C; [a]p?2 =+ 9.07° (¢ 1.0 in CH30H), [lit.152 [a]p?? = +8.65°
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(¢ 1.0 in CHsOH)]; IR (film) 1745 cm™%; *H NMR (250 MHz, CDCI3) &1 2.10 (1H, s), 3,15 (2H, m), 3.65
(3H,s), 3.75 (3 H, s), 3.80 (3H, m), 6.90 (1H, s), 7.10 (1H, t, J = 8.2 Hz), 7.25 (5H, m), 7.55 (1H, d, J
= 8.2 Hz); 3C NMR (62.8 MHz, CDCI3) &¢ 29.35, 51.68, 52.20, 61.38, 111.18, 111.38, 118.84,
119.45, 122.07, 122.88, 127.03, 127.62, 128.19, 128.32, 136.30, 139.79, 175.36; EIMS (m/e,
relative intensity) 308 (M+, 28), 249 (22), 178 (57), 130 (100). Anal. Calcd. For CigH2002N> : C,

74.03; H, 6.49; N, 9.08. Found: C, 73.99; H, 6.56; N, 8.99. This was used directly in the next step.

1.6.4 Preparation of methyl 4,4-dimethoxybutyrate 14

0
K2C03 {0.1eq) NaH, MeOH, 0°C

CO,Me  CH3NO,(10eq) H,50,/MeCH,

OMe
r rt, 12h -409C to -50°C,2h
| : ON_~._COsMe A~
—_—
200g 60% 90% MeQ CO,Me
14a 14b 14

To a round bottom flask (5 L) equipped with an overhead stir which contained a solution of
methyl acrylate 14a (300 g, 3.5 mol) and nitromethane (1875 g, 35 mol), was added solid K,COs
(48.4 g, 0.35 mol) at 0 °C. The mixture which resulted was stirred at rt for 12 h. The organic layer
was filtered using a Blchner funnel and washed with small amount of CHCls. The solvent was
then removed under reduced pressure and the residue was distilled under reduced pressure (95-
100 °C/8 mm of Hg) to give the pure methyl y-nitro butyrate 14b (307.6 g, 60%). This was

dissolved in methanolic sodium methoxide [3080 mL, 0.8 N, freshly prepared from 98.55 g of NaH
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(60% dispersion in mineral oil)] and the solution which resulted was added dropwise with an
overhead sitr at a rate of 1 drop per second to a round bottom flask (10 L) which contained a
solution of conc sulfuric acid (770 mL) in methanol (2310 mL) at -45 to =50 °C. After the addition
was completed, the reaction mixture was poured into CH.Cl; (5 L). The organic layer was
separated and washed with ice water (2 x 1000 mL), ag 4N NaOH (2 x 350 mL) and dried (K2COs).
The solvent was removed under reduced pressure and the residue was distilled (110-115 °C/8
mm of Hg) to provide methyl 4,4- dimethoxybutyrate 14 (305 g, 90%). 'H NMR (250 MHz, CDCls)
61 1.92 (2H, q,J = 7.5 Hz), 2.37 (2H, t, J = 7.5 Hz), 3.31 (6H, s), 3.66 (3H, s), 4.38 (1H, t, / = 15.8
Hz); 3C NMR (62.8 MHz, CDCl3) &¢ 27.92, 29.07, 51.45, 53.14, 103.14. CIMS (m/e, relative

intensity) 375 (M* + 1, 100). The spectral data for 14 were identical to the published values.”?
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1.6.5 Diastereospecific preparation of the trans-(1S,3R)-(-)-2-benzyl-3-
methoxycarbonyl- 1-methoxycarbonylethyl-1,2,3,4-tetrahydro-9H-
pyrido-[3,4-blindole (15) via the newly modified Pictet-Spengler

reaction.

_‘l/\\(’\CDEME (CH320),CHCHCH,COLCH; (14)
,,l;J HNth TFA (2.4 eq), CHLCl5,
N - rt, 10d, 92%
|-|| or CHCIy, reflux, 12h

13a MeO.C— 45

trans diester only, > 98% de

To a round bottom flask (5000 mL), which contained a solution of optically active Np-benzyl-D-
tryptophan methyl ester 13a (400 g, 1.3 mol) in CHxCl; (2500 mL) was added methyl 4,4-
dimethoxybutyrate acetal 95 (315 g, 1.9 mol) and TFA (238.75 g, 2.4 eq) at 0 °C with stirring. The
reaction mixture which resulted was allowed to stir at rt for 10 d and then cooled in an ice bath
and brought to pH = 8 with a cold aq solution of NaOH (3 N). The aq layer was separated and
extracted with CHCl, (3 x 1500 mL). The combined organic layers were washed with brine (2 x
600 mL) and dried (K2CO3). The volume of the solution was reduced to 300 mL under reduced
pressure and EtOAc (100 mL) and hexanes (300 mL) were added to the above solution. The

solution was cooled to —20 °C. The trans diester 15 (402 g, 76%) precipitated out as white crystals
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and the mother liquor was concentrated. The residue which resulted was purified by flash
chromatography (silica gel, EtOAc/hexane, 1/4) to provide additional 15 (83 g, 16%). The
combined yield of 15 (485 g) was 92%. mp 152-153 °C; [a]o? = -35.7° (c 1.4, in CHCl3 ), [a]o? =-
38.0° (c 1.0 in CHCl3)]; IR (film) 3310, 1731, 1707 cm™ ; TH NMR (250 MHz, CDCls) &4 1.85-2.15
(2H, m), 2.20-2.50 (2H, m), 3.03 (1H, dd, J = 15.8, 5.3 Hz), 3.12 (1H, dd, J = 15.8, 8.8 Hz), 3.48 (3H,
s), 3.59 (1H, d,J = 13.6 Hz), 3.75 (3H, s), 3.84 (1H, d, J = 13.6 Hz), 3.87-3.93 (1H, m), 3.98 (1H, dd,
J=8.8,5.3Hz),7.07-7.35 (8H, m), 7.43 (1H, d, ) = 7.2 Hz), 7.98 (1H, s); 13C NMR (62.8 MHz, CDCls)
6c21.39, 28.94, 29.88, 51.45, 51.85, 53.51, 54.81, 56.79, 107.51, 110.99, 118.16, 119.51, 121.77,
127.08, 127.13, 128.28, 129.13, 134.26, 136.50, 139.41, 173.42, 174.18; EIMS (m/e, relative
intensity) 406 (M+, 60), 347 (45), 319 (100), 169 (50). Anal. Calcd. for CasH2604N>: C, 70.91; H,

6.45; N, 6.89. Found: C, 70.88; H, 6.47; N, 6.91.

1.6.6 Dieckmann cyclization of the N, -H diester 15 to provide (6S,10S)-
(-)-methyl - 9 - oxo-12-benzyl-6, 7, 8, 9, 10, 11-hexahydro - 6, 10-imino -

5H cyclooct [b]indole-8-carboxy-late 15a

4 PR _COMe . __H
'\.'\_{ | \ z}/ - TH DH
‘N~ ~N._Ph N |[ Nl
H \ e reflux, 3 d, 88% N7
H ) - H 4 7\ COMe
MeO,C o
15 15a
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To a round bottom flask (5000 mL), which contained a solution of Na-H, trans diester 15 (100 g,
0.25 mol) in toluene (3000 mL), which had been predried by azeotropic removal of H,0 by a DST
(refluxed 6 h), was added sodium hydride (88.7 g, 2.2 mol, 60% dispersion in mineral oil) at 0 °C.
Anhydrous CH3OH (174 mL, 4.3 mol) was then added into the above mixture dropwise under Ar
at 0 °C. The solution, which resulted, was held at reflux for 72 h (the flask was covered with
aluminum foil on the top to keep the temperature at reflux without carbonizing any compound
on the sides of the flask). The reaction was quenched with ice. The aq layer was extracted with
CHxCl; (3 x 1 L). The combined organic extracts were washed with brine and dried (K2COs3). The
solvent was removed under reduced pressure and the mineral oil was separated by decantation.
The residue which resulted was purified by flash chromatography (silica gel, EtOAc/hexane, 1/4)
to provide the Na-H, B-ketoester 15a (82 g, 88%). mp 149-150 °C; [a]p?’ =-176.9° (c, 1.0 in CHCI3);
IR (KBr) 1670, 1630 cm™ ; H NMR (250 MHz, CDCl3) 812.30 (1H, d, J = 15.6 Hz), 2.82 (1H, dd, J =
15.5, 5.6 Hz), 2.90 (1H, d, J = 15.3 Hz), 3.18 (1H, dd, J = 15.9, 5.9 Hz), 3.66 (3H, s), 3.71 (1H, d, J =
13.4 Hz), 3.77 (1H, d, ) = 5.3 Hz), 3.82 (1H, d, J = 13.4 Hz), 3.98 (1H, d, ) = 5.4 Hz), 7.11 (1H, t, J =
7.1 Hz), 7.16 (1H, t, J = 7.0 Hz), 7.24-7.39 (6H, m), 7.50 (1H, d, J = 7.1 Hz), 7.63 (1H, s), 11.98 (1H,
s); 3C NMR (75 MHz, CDCls) 6¢ 22.2, 28.6,49.7, 51.3, 55.2, 55.9, 94.3, 106.2, 110.8, 118.1, 119.5,
121.6, 127.0, 127.2, 128.4, 128.7, 133.4, 135.7, 138.3, 171.6, 172.5; CIMS (CHa4) (m/e, relative
intensity) 389 (M* + 1, 100). Anal. Calcd. for C23H22N203: C, 73.78; H, 5.92; N, 7.48. Found: C,

74.19; H, 6.23; N, 7.35. This was used in a later step.
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1.6.7 Preparation of (6S,10S)-(-)-9-oxo-12-benzyl-6,7,8,9,10,11-
hexahydro-6,10-imino-5Hcyclo- oct[blindole 49 via acid mediated

hydrolysis of the N, -H, B-ketoester 16

CDEME 91%, > 98% ee ¥
PH P
15a 16

DH W S0
HOAe, HCI, H,0. reflux, 8 h ‘-§ L)
i A

o
:rq__,,f\’_ﬁ

To a round bottom flask (500 mL) which contained the N,-H, B-ketoester 15a (45.0 g, 0.12 mol)
was added glacial acetic acid (167 mL), aq hydrochloric acid (245 mL, conc.) and water (65 mL)
with stirring (magnetic stir). The solution, which resulted, was heated at reflux for 8 h. After
removal of the solvent under reduced pressure, the residue was brought to pH =9 with a cold aq
solution of NaOH (3 N). The mixture which resulted was extracted with CH2Cl, (4 x 250 mL) and
the combined organic extracts were washed with a saturated aq solution of NH4Cl (100 mL), brine
(2 x 100 mL) and dried (K2COs). Removal of the solvent under reduced pressure afforded an oil.
After a short wash column on silica gel, the Na-H, Np-benzyltetracyclic ketone 16 (24.5 g, 64%)
was crystallized from EtOAc/ hexane (1:4, 30 mL). The mother liquor was concentrated under
reduced pressure and the residue was chromatographed on silica gel with EtOAc/hexane (1:4) to
provide additional ketone 16 (10.5 g, 27%). The combined yield of 16 (35.0 g) was 91%. [a]p?” = -
246.3° (C = 1.07 in CHCl3); IR (KBr) 2933, 1715 cm%; H NMR (250 MHz, CDCls) &y 2.02(1H, m),

2.15 (1H, m), 2.49 (2H, m), 2.71 (1H, d, J = 16.9 Hz), 3.27 (1H, dd, J = 16.9, 6.8 Hz), 3.78 (2H, s),
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3.80 (1H, s), 4.02 (1H, s), 7.17 (1H, dt, J = 7.3, 1.0 Hz), 7.23 (1H, dt, ) = 7.6, 1.0 Hz), 7.30-7.38 (6H,
m), 7.54 (1H, d, ) = 7.6 Hz), 7.81 (1 H, s); 13C NMR (62.8 MHz, CDCl3) ¢ 20.40, 30.37, 34.51, 49.40,
56.13, 65.22, 106.73, 110.94, 118.21, 119.72, 122.01, 126.86, 127.42, 128.43, 128.60, 131.98,
135.85, 138.25, 210.40; CIMS (m/e, relative intensity) 317 (M* + 1). Anal. Calcd. for C21H20N20: C,

79.72; H, 6.37; N, 8.85. Found: C, 79.51; H, 6.37; N, 8.85. This was used in the next step.

1.6.8 Catalytic debenzylation of 16 to provide (6S,10S)-(-)-9-oxo0-12-H-
6,7,8,9,10,11- hexahydro-6,10-imino-5H-cyclooct[blindole 37 over

Pd/C/H2

(= BN
M -
\ sat HCI/EtOH, ( — > 0
2 Tj\[\r Pd/C (5 mol%), \_( | g
) 1 atm), EtOH, N
m h 95% H

16 3

Tetracyclic ketone 16 (40 g, 127 mmol) was dissolved in anhydrous ethanol (1300 mL). A
saturated solution of EtOH/HCI (g) was then added dropwise into the above mixture until the
solid completely dissolved. The solvent was then removed under reduced pressure to furnish an
HCl salt. The residue was then dissolved in dry ethanol (1000 mL) and the solvent was removed

under reduced pressure to remove the excess HCI. This process was repeated 3 times to make
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sure there was no excess HCl. The HCI salt was degassed under reduced pressure at rt and back
filled with argon (2 times). Dry Pd/C (10% by wt, 8.1 g, 60 mmol) was added to the above HCl salt
followed by addition (slow addition, initially) of dry ethanol (1300 mL). The mixture was degassed
under reduced pressure at rt and back filled with H; (3 times). The mixture which resulted was
allowed to stir at rt under an atmosphere of H, for 10 h. Analysis by TLC (silica gel plate was
exposed to NH3 vapours) indicated the absence of starting material 16. The catalyst was removed
by filtration (Celite) and washed with ethanol (3 x 100 mL). The solvent was removed under
reduced pressure. The residue was dissolved in a mixture of CH.Cl; and brought to pH = 8 with
10% aq NH4OH. The aq layer was extracted with CH2Cl; (3 x 400 mL). The combined organic layers
were washed with brine (2 x 200 mL) and dried (K2COs3). The solvent was removed under reduced
pressure to afford the crude amine which was chromatographed (flash) on silica gel (CHCI3/EtOH,
9/1) to provide pure Na-H, Np-H tetracyclic ketone 37 (27.2 g, 95%). FTIR (NaCl) 3393, 3382, 1705
cm-1, 'H NMR (300 MHz, CDCl3) 64 8.06 (1H, bs), 7.44 (1H, d, J = 7.62 Hz), 7.29 (1H, d, ) = 7.9 Hz),
7.16 (1H, d, ) = 7.4 Hz), 7.10 (1H, d, ) = 7.4 Hz), 4.27 (1H, d, = 3.9 Hz), 3.92 (1H, d, J = 6.7 Hz), 3.09
(1H, dd, J = 16.5, 6.8 Hz), 2.80 (1H, d, J = 16.4 Hz), 2.36-2.50 (3H, m), 2.08-2.15 (2H, m); 13C NMR
(75.5 MHz, CDCl3) 6¢ 211.0, 135.7, 134.0, 126.9, 122.1, 119.7, 118.1, 110.9, 107.5, 59.8, 46.1,
35.0, 32, 25.8; CIMS (m/e, relative intensity) 227 (M*+1, 100%). Anal. Calcd. For Ci14H1aN,0: C,

74.31%; H, 6.24%; N, 12.38%. Found: C, 74.39%; H, 6.35%; N, 12.41%. This was used in next step.
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1.6.9 Synthesis of (2)-1-bromo-2-iodobut-2-ene 91

15 (2eq), K2C05 (1.2eq), NaBH, (0.4eq],
) ) = ' OH pBr(0.deq) | E4LO |
DMAF [0.2eq) = THF-H;O(9:1) ry(0.deq) , EL; O Br,
cHo I 14-11 %~ avc ta rt. Ihr o°c to rt, 1&hr \
| THF-H-0O([1:1},0°C rt,=__ = L tort, 2 _
6% overall 93%
a0g [Z)-1-bromo-
Z-lodobut-2-ene
it 89 90 91

A solution of crotonaldehyde 88 (30mL. 0.363 mol) in THF-H,0 (1:1, 150mL) was cooled to -15 to
-20 °C(dry ice). To the cold solution was added K,COs (60g, 0.445 mol, 1.2 equiv), 12 (138.3g, 0.545
mol, 1.5 equiv) and DMAP (8.86g, 0.0726 mol, 0.2 equiv) successively (the temperature increase
was controlled by the rate of addition of I,). The reaction was allowed to stir for 12 h until the
disappearance of starting material (TLC, silica gel, 12) during which the temperature was allowed
to increase to rt. Then solid NaxS;03 (60g) and a saturated solution of Na;S,03 (about 500 mL)
was added until the reaction mixture became colorless. The mixture was extracted with EtOAc
(3x 800 mL) and the organic layers were combined. The majority of the solvent was removed
under reduced pressure. The residue 89 was dissolved in THF-H,0 (9:1, 800 mL) and cooled to -5
to -10 °C (dry ice) after which NaBH4 (7.0 g, 0.18 mol, 0.5 equiv) was added in portions and the
temperature maintained at 0°C. The mixture was extracted with EtOAc (3x800 mL) and dried
(MgS0a4). The solvent was removed under reduced pressure to provide a brown oil. After a simple
wash column to remove some baseline material, iodide 90 was obtained as light yellow oil (650g,
90%). 'H NMR (300 MHz, CDCl3) 61 6.02 (q, 1H, J =3.9Hz), 4.30 (s, 2H), 1.85 (t, 3H, J=6.3Hz). The

spectral properties of this iodide were identical to the published values®®. (2)-2-iodo-2-buten-1-
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ol 90 (2 g, 10 mmol) was dissolved in anhydrous ethyl ether (20 mL). Phosphorus tribromide
(0.380 mL, 4 mmol) was added dropwise to this solution at 0°C. This reaction mixture which
resulted was stirred for 18 h at rt. The reaction was quenched with a cold aq solution of K,COs
and extracted with ethyl ether after which it was washed with brine. The organic layer was dried
(Na2S04) and concentrated in vacuuo to give 91 (2.45 g, 93% yield) which was directly used in the
next step. 'H NMR: &4 6.08 (q, J = 6.4 Hz, 1H); 4.36 (s, 2H); 1.81 (d, J = 6.4 Hz, 3H). The spectral
properties of this bromide were identical to the published values®. This was directly used in the

following alkylation.

1.6.10 Alkylation of (6S,10S)-(-)-9-oxo0-12-H-6,7,8,9,10,11-hexahydro-
6,10-imino-5H-cyclooct [b] indole (37) to provide (6S,10S)-(-)-9-oxo0-12-
(Z-2' -iodo-2' -butenyl)-6,7,8,9,10,11-hexahydro-6,10-imino-5H-

cyclooct[b] indole 87

— Br—, 113 i —
==\ H s (1.3 equiv) = H
W _:‘(’ | ]‘H].;.- [ M, - W _,{ |[ rm o
N~ NH K2COs (4 equiv), NN
H oy CH4CN, rt, 76% T
| Y
17 a7

87



A solution of the N5-H, Np-H tetracyclic ketone 37 (1.5g, 6.637mmol) was dissolved in dry CHsCN
(20mL). To this mixture, K.CO3 (3.66g, 26.54 mmol) and Z-1-bromo-2-iodo-2-butene 91 (2.6g,
9.95mmol) were added. This reaction mixture was stirred for 14h at rt. Analysis by TLC indicated
the absence of tetracyclic ketone. The K,CO3 was removed by passing the mixture through a bed
of celite with EtOAC. After removal of the solvent under reduced pressure, the crude product
was purified by flash chromatography (silica gel, hexane:EtOAC = 9:1) to provide Np-Z-2'-iodo-2'-
butenyl tetracyclic ketone 87 (2.04g, 76%). FTIR (NaCl) 3393, 1705, 1450cm-1; *H NMR (300 MHz,
CDCl3) 64 1.73 (3H, d, J=6.27Hz), 2.19-2.05 (2H, m), 2.37-2.47 (2H,m), 2.65(1H, d, J=16.87Hz), 3.05
(1H, dd, J=16.94, 6.72 Hz), 3.19-3.37 (2H,m), 3.64 (1H, d, J=6.37Hz), 3.96 (1H, bs), 5.76 (1H, q,
J=6.17Hz), 6.97-7.16 (2H, m), 7.25 (1H, d, J=7.72Hz), 7.40 (1H, d, J=7.52Hz), 8.05 (1H, bs); 13C NMR
(75.5 MHz, CDCls) 6¢ 20.60, 21.71, 30.35, 34.49, 49.73, 63.36, 64.07, 106.69, 108.47, 110.94,
118.09, 119.62, 121.97, 125.72, 132.11, 132.76, 135.79, 210.40; CIMS (m/e, relative intensity)
407 (M* +1, 100%). Anal. Calcd. For C1gH19N20: C, 53.22%; H, 4.71%; N, 6.90%. Found: C, 53.15%;

H, 4.80%; N, 6.64%. This material was used in the next step.
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1.6.11 Palladium catalyzed cyclization of (6S, 10S)-(-)-9-oxo-12-(Z-2’-
iodo-2’butenyl)- 6,7,8,9,10,11-hexahydro-6,10-imino-5H-cyclooct [b]

indole (87) to provide pentacyclic ketone 29

H
o r '-FH.... .<;-'D - .
[;::_‘ L 'LT THE NaoBu [ [
~\ DPEphos,
/N Pda(dba)s, 83%

The Ng-Z-2' -iodo-butenyl tetracyclic ketone 87 (1 g, 2.46 mmol) was dissolved in anhydrous THF
(20mL). To this mixture NaOtBu (0.354 g, 3.69 mmol), DPEphos (0.0927 g, 7.0 mol %) and
Pd;(dba)s (0.112g, 5.0 mol %) was added. This reaction mixture was degassed 3-4 times under
vacuum and back filled with argon and placed in a preheated oil bath at 80 °C for 5hrs. The
reaction was quenched with water and ethyl acetate. The organic layer was separated and dried
(NazS04). The EtOAc was then removed under reduced pressure and the residue was flash
chromatographed with CH,Cl, /MeOH (4.5:0.5) to provide the coupling product 29 (0.569g, 83%
yield). 'H NMR (300 MHz, CDCI3) &+ 1.63 (3H, J=6.86 Hz, d), 2.15-2.20 (1H, m), 2.38 (1H, t, J=9.9
Hz), 2.97 (1H, dd, J=15.58, 6.20 Hz), 3.27 (1H, d, J=14.43 Hz), 3.37 (1H, bs), 3.59 (1H, d, J=5.70 Hz),
3.78 (2H, bs), 4.26 (1H, d, J=59.11 Hz), 5.49 (1H, q, J=6.85 Hz), 7.05-7.15 (2H, m), 7.25 (1H, d,
J=7.25Hz), 7.47 (1H, d, J=4.7Hz), 7.93 (s, 1H); 3C NMR (75.5 MHz, CDCI3) &¢ 12.68, 22.39, 36.40,

44.55, 50.83, 55.24, 64.17, 105.62, 110. 89, 118.54, 119.69, 121. 26, 122.00, 126.88, 131.88,
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135.87, 136. 34, 217.00; HRMS Ci1gH1sN»0: calcd. 278.1419; found 278.1437. This material was

used in the next step.

1.6.12 Conversion of the pentacyclic ketone (29) into (+)-3-ethylidene-
1,3,4,7,12,12b-hexahydro-2H, 6H- 2,6-methano-indole[2,3,-a]-
quinolizine-13-carboxaldehyde[(+)- vellosimine, 81] via the Wittig

reaction followed by acid mediated hydrolysis.

= O CH30CH,PPhsCI (73
( Y - equiv), FBuQK (7.9
- equiv), benzene/THF;

2 M ag HCITHF,
56 °C, 90%

A mixture of anhydrous potassium t-butoxide (12.8g, 0.114 mol) and methoxylmethyl
triphenylphosphonium chloride (36g, 0.105 mol) in dry benzene (500mL) was allowed to stir at rt
for 1h. The pentacyclic ketone 29 (4g, 14.4mmol) in THF (160mL) was then added into the above
orange colored solution dropwise at rt. The mixture, which resulted, was stirred at rt for 24h. The
mixture was diluted with EtOAc (3x700mL), washed with H20 (3x50mL), brine (50mL) and dried

(K2CO3). The solvent was removed under reduced pressure to afford an oil, 94. (In some cases,
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this 94 was isolated by chromatography, to do some experiments).The solvent was removed
under reduced pressure and the residue was dissolved (without further purification) in a solution
of ag HCI (2N) in H,O-THF (1:1, 400mL). The solution which resulted was refluxed 55 °C (oil bath
temperature) under an atmosphere of argon for 6h. The reaction mixture was brought to rt and
concentrated under reduced pressure. The reaction mixture was diluted with water and
extracted with ether to remove the triphenyl phosphine oxide. The aq layer was brought to pH 8
with an ice cold aq solution of NaOH (1N). The aq layer was extracted with CH,Cl; and the
combined organic layers were washed with H,0 (3x100mL), brine (100mL) and dried (K2COs3). The
solvent was removed under reduced pressure to afford an oil which was crystallized to provide
the aldehyde 81 (3.78g, 90%). The spectral data for (+)-vellosimine, 81 were in good agreement

with the published values®,
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1.6.13 Sodium borohydride mediated reduction of (+)-3-ethylidene-
1,3,4,7,12,12b-hexahydro-2H,6H-2,6-methano-indole[2,3-a]-
quinolizine-13-carboxaldehyde[(+)- vellosimine, 81] to provide the (+)-3-
ethylidene-1,3,4,7,12,12b-hexahydro-13-hydroxymethyl-2H,6H-2,6-

methano-indole [2,3-a]-quinolizine [(+)-normacusine B, 85].

H = H
\ P . \ P
\.:_5{ ﬂ T NaBH, (1.4 equiv), p —“cf: |1 T
NN EtOH, 0°C,8 h N~ Nl
T AN 90% TH TN
81 83

The (+)-vellosimine 81 (100mg, 0.34mmol) was dissolved in EtOH (5mL). The NaBH4 (12mg, 0.33
mmol) was added to the above solution at 0 °C in one portion. The mixture was then stirred for
8 h. The reaction mixture was diluted with CH,Cl, (50mL) and poured into cold water (10mL). The
aq layer was extracted with additional CH,Cl; (3x20mL) and the combined organic layers were
washed with brine (10mL) and dried (K2COs). The solvent was removed under reduced pressure
to afford the crude product which was chromatographed to provide normacusine B 85 (90mg,
90%). [a]p?® = +40.5 ° (c=0.75, C2HsOH); lit [a]p?> =+42 ° (c =1.0, C2HsOH)174: FTIR (NaCl) 3198 cm-
1; 'H NMR (300 MHz, CDCl3) 64 1.57 (3H, d, J=6.76 Hz), 1.66 (1H, dt, J =12.54, 3.69 Hz), 1.78 (1H,

q, J=7.49 Hz), 1.93 (1H, t, J=10.00Hz), 2.61(1H, d, J=15.37Hz), 2.72 (1H, s), 2.74 (1H, d, J=6.51 Hz),
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3.03 (1H, dd, J=15.39, 5.10 Hz), 3.43-3.49 (4H, m), 4.07 (1H, d, J=10.29Hz), 5.26 (1H, q, J=6.68Hz),
7.03-7.14 (1H, m), 7.28 (1H, d, J=6.00Hz), 7.42 (1H, d, J=7.00Hz), 8.22 (1H, s); 13C NMR (75.5 MHz,
CDCls) 8¢ 12.75, 26.95, 27.58, 33.37, 44.14, 050/48, 54.47, 55.85, 64.90, 0104.52, 110.99, 116.84,
118.07,119.35,121.44, 127.59, 135.33, 136.33, 137.80; HRMS Ci5H22N,0: calcd. 294.1732; found

294.1705.

1.6.14 Synthesis of quarternary amine 93

CHsl{excess) , MeOH
OPC-rt, 24h (dark)

92%

The pentacyclic ketone 29 (500 mg, 1.8 mmol) was taken is a 50 mL two neck round bottom flask
and dissolved in 30 mL anhydrous MeOH. Excess Mel was the added to the solution and the whole
reaction flask was then covered by aluminium foil. The reaction was stirred in the dark and under
argon for 24 hr. The excess Mel was the removed under reduced pressure to get the crude
quarternary amine 93. The crude 93 was then dissolved in dichloromethane and evaporated
three times to remove any remaining Mel to get the pure 93, in 92% vyield. *H NMR (500 MHz,
CDCl3) 649.97 (s, 1H), 7.39 (d, ) = 8.7 Hz, 2H), 7.19 (s, 1H), 7.14 (dd, J = 11.4, 3.8 Hz, 1H), 7.06 (dd,

J=11.3, 4.4 Hz, 1H), 5.73 (q, J = 6.8 Hz, 1H), 5.00 (d, J = 15.1 Hz, 1H), 4.88 (d, J = 5.5 Hz, 1H), 4.79
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(d, ) =15.2 Hz, 1H), 3.60 (d, J = 3.9 Hz, 1H), 3.57 (d, J = 17.1 Hz, 1H), 3.47 (s, 3H), 3.17 (dd, J = 17.1,
5.8 Hz, 1H), 2.89 (dd, J = 12.3, 10.7 Hz, 1H), 2.32 (dd, J = 13.4, 4.5 Hz, 1H), 1.60 (d, J = 6.7 Hz, 3H).
13C NMR (126 MHz, CDCl3) 8¢ 198.88 (s), 137.05 (s), 128.78 (s), 127.74 (s), 125.01 (s), 123.74 (s),
120.67 (d, J = 17.2 Hz), 119.83 (s), 118.67 (s), 112.23 (s), 101.60 (s), 72.16 (s), 61.97 (s), 53.45 (s),

47.98 (s), 42.00 (s), 30.96 (s), 20.31 (s), 13.12 (s).

1.6.15 Formation of Np-benzyl product 94b

The enol ether 94 (50mg, 0.16 mmol) was taken up in a 25 mL round bottom flask and dissolved
in 10 mL dry THF. The Cbz-Cl (0.81 mmol) was then added into the reaction mixture and refluxed
for 24hr. Once the reaction was done it was allowed to cool to rt, the quarternary salt 94b was
appeard as a powder-like material at the bottom of the flask.The amine 94b was was separated
and washed with cold THF using a filter paper. Then it was dried under vacuuam overnight to
afford the pure 94b. *H NMR (300 MHz, CDCls) 61 11.79 (s, 1H), 7.54 (d, J = 5.8 Hz, 3H), 7.46 (d, J

=7.5Hz, 1H), 7.37 (d, J = 6.9 Hz, 3H), 7.20 — 7.07 (m, 2H), 5.85 (s, 1H), 5.56 (d, J = 9.5 Hz, 1H), 5.15
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(s, 2H), 4.70 (t, ) = 13.7 Hz, 2H), 3.98 (dd, J = 26.1, 16.5 Hz, 2H), 3.55 (s, 3H), 3.47 (s, 1H), 3.07 (s,
1H), 2.47 (d, J = 15.1 Hz, 1H), 2.39 (d, J = 11.2 Hz, 1H), 2.08 (d, J = 10.6 Hz, 1H), 1.52 (d, J = 6.5 Hz,
3H). 13C NMR (75 MHz, CDCls) 8¢ 141.76, 137.15, 133.35, 131.61, 130.51, 129.43, 129.03, 126.71,
125.90, 122.44, 119.58, 118.03, 116.51, 112.65, 110.54, 110.02, 100.36, 67.96, 64.67, 61.19,

60.39, 58.00, 34.03, 29.47, 25.60, 21.89, 12.32.

1.6.16 General procedure for the synthetic approach of 92b, 93a and 94c

(see Tables 5-7 and 9)

For these reactions, at first, the quarternery salts (starting material) were taken into a
appropriately sized reaction flask and dissolved in the corresponding solvent. After that, the base
was added into the reaction mixture and heated in a sealed tube (or in some cases refluxed) for
an appropriate amount of time. The reaction progress was monitored by TLC (10 % MeOH and
90% DCM). If any product was formed during these reactions, then the reaction mixture was
brought back to room temperature and the solvent was evaporated under reduced pressure and
the NMR of the crude material was taken after doing a wash column using DCM and methanol
at different compositions, to see the nature of the product formation or to see the change in the
starting material. Water work up was avoided in most of the cases because starting material used

in these reactions were salts.
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1.6.17 General procedure for the reaction Scheme 20 (approach towards

the reduction of enol ether 94) (see table 10 for results)

For this reaction scheme, different reaction conditions and different catalysts was used as
mentioned in Table 10. Most of the time the enol ether 94 was taken up in a 20mL round bottom
flask and dissolved in the solvent. For triethylsilyl hydride mediated reactions, the reagents were
added at room temperature as well as low temperature to see the changes in the reactions; then
the reactions were heated up to reflux conditions. For the palladium and platinum catalyzed
reactions at first the enol ether 94 was dissolved in the dry solvent, followed by degassing of the
solution three times. After that the catalyst was added in the degassed solution followed by
degassing it for two more time under argon. Then the reaction flask was back filled with H, gas
and the reaction was allowed to run at room temperature under a H, atmosphere for 12 to 16
hrs. The reaction progress was monitored by TLC (10 % MeOH and 90% DCM) and once the
reaction finished the reaction mixture was filtered through the celite followed by removal of the
solvent at reduced pressure. The NMR of the crude material was then taken to monitor the

rection outcome.
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Chapter 2

Synthesis, characterization, and biological study of some novel

gamma-aminobutyric acid type A (GABA,) receptor ligands.

2.1 Introduction

2.1.1 GABA receptors

GABA is known as the most widely distributed and active central nervous system (CNS)
receptors and functions as the primary inhibitory neurotransmitter. This type of
neurotransmitters primarily falls into two distinct classes known as GABAx and GABAg receptors
and are differentiated from each other by their pharmacological, biochemical and

electrophysiological properties.t0!

The gamma-aminobutyric acid type A receptors (GABAaRs) are the major inhibitory
neurotransmitter receptorsin the CNS and are classified as a Cys-loop superfamily of ligand-gated
ion channels or ionotropic receptors with a very rich pharmacology.?? In the central nervous
system these type of receptors mediate both the phasic and tonic neuronal inhibition.1% When
activated, the GABAARs receptors generally permit the flow of chloride ions from the outer to
inner part of the neuron, which results in a hyperpolarization of the membrane potential and as

a result inhibit the neuron to further fire an action potential.
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On the other hand, the metabotropic GABAgRs are the members of G-protein coupled receptor

family, which mediate the activity of potassium and calcium channels.!04

2.1.2 GABAAa receptor structure and functions

This type of GABA receptors are heteropentamers and consist of a total of 19 subunit (al1-6,
B1-3,vy1-3, 6, €, 6, mand p1-3). Of which the most abundant form comprises of a, B and y subunits
in a 2:2:1 stoichiometry%> 106 where the y subunit can be replaced by §, € or . The pentameric
chloride ion channel in composed of a large extracellular domain, which contains an orthosteric
binding pocket, a transmembrane domain which contains the pore-lining M2 helices and a small
intracellular domain which is found to be a site for modulation of the associated protein.'” The
neurotransmitter GABA binds at the interface between the a and B subunits and allows the rapid
influx of chloride ions by triggering the opening of the channel through allosteric modulation.
There are typically two GABA binding sites per heteropentamer. In addition to that, GABAARs
have different recognition sites for other allosteric modulators such as barbiturates, alcohols,
benzodiazepines (BZDs) and neurosteroids.1®11 From recent studies by Sighart, Knutson et al. it
has been found that the GABA receptor also has a site (PQ) for a6 receptor subtype selective

ligands.11% 113
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Figure 12. (Modified from Samuele Maramaia et.al.)}'* 3D-reconstruction of the alB83y2-
GABAAR!% 115 Images were generated using Maestro Version 11.9.011, MMshare Version
4.5.011, Release 2019-1. The al subunits are shown in grey (A) or green (B, C), 83 in blue and y2
in yellow color. A) GABAARs belong to the Cys-loop family of ligand-gated ion channels with each
subunit being characterized by a long extracellular N-terminus, which contains the defining Cys-
loop, and four trans-membrane domains (M1-4), two short loops that link M1-M2 and M2-M3, a
longer intracellular loop between M3 and M4 (modulated by phosphorylation), and a small
extracellular C-terminus. B) Side view: the heteropentameric arrangement of subunits in the 2:2:1
stoichiometry of a, 8 and y subunits that comprise the most abundant form of GABA4R, arranged
around the central chloride-permeable channel pore, lined by the M2 regions of the different
subunits. C) Top view: two GABA binding sites are found at the junctions between a and 8 subunits
while the BZD site is located at the interface of a y2 and either an a1, a2, a3 or a5 (but not a4 or
a6) subunit.10,11,12,17 The y subunit may be replaced by a variety of less abundant subunits
(e.qg., 6, €, U or i), whereas the p1-3 subunit can form homopentameric assemblies that are also

known as GABAC receptors.22 Not illustrated here are the multiple additional binding sites on the
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GABAAR that occur, for example, within the transmembrane region, such as the anesthetic and
neurosteroid binding sites, or within the ion channel pore itself, for example the picrotoxin (or

convulsant) binding site.

It should be mentioned here that, overdose of drugs such as barbiturates®® 116 117 gnd
ethanol*®11° dangerous because they can bind to in the inner portion of the chloride ion channel
and can enhance the response of GABA. This in turn, can open the chloride ion channel longer
and results in some cases in death.10% 116,120 |n the mammalian brain GABAAR subtypes could be
found, in subcellular (i.e., synaptic or extrasynaptic), regions and have circuit specific
distributions. This suggests that different subtypes are associated with distinct CNS functions'#
121 1t has been found by various neuroscientists(Sieghart, Siegel, Olson, Mohler, Siegel, Seeburg)
that al, B1-3 and y2 are highly expressed throughout the brain both synaptically and
extrasynaptically'?2. In the rat brain the most abundant combination of GABAaR is a1B2y2, which
comprises approximately 50-60% of the total GABAaRs.10% 117,122,123 The 2 and a3 containing
GABAARs constitute approximately 20-30% of GABAA4R in rat brain.19% 117122 The a5 containing
GABAARs are found mostly in the cortex, and the hippocampus, and represent about 5 % of the
total GABAARSs, which is much lower in comparison to the other subtypes assembles rat brain.%
117,122,124 1t js evident from the significant amount of data that GABAaRs are not only found in the
CNS, but also be found in other types of tissues including the lungs, stomach, intestines heart

sinus node, etc.108
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Recently, high-resolution cryo-electron microscopy (cryo-EM) structures of human alf2y2
and alB3y2 GABAARs have been reported!# 115 125 126 From the detailed analysis of the
receptors in complexes with the orthosteric agonist GABA and the GABA agonist bicuculline as
well as open channel blocker pycrotoxin (picture emerged of this GABAA ion — channel).In
addition, the allosteric BZD ligands such as diazepam (Figure 12), alprazolam and flumazenil
which bind between a and y subunits provide a detailed observation of the overall arrangement
and heteromeric interaction of GABAARS. It also explained the structural basis of receptor

activation and allosteric modulation.114 127

2.1.3 Benzodiazepines (BZD)

First discovered in 1955 by Dr. Leo Sternbach, the benzodiazepines (BZDs) are a class of
psychoactive drugs. BZDs are the positive allosteric modulators of GABAARs. Initially, the most
successful drugs introduced in the market in early 1960s,*?® were chlordiazepoxide and diazepam

127 minimal drug-drug

(marketed as Valium). Due to their potent anxiolytic activity, low toxicity,
interactions in the liver,'?° rapid penetration across the blood-brain barrier (BBB), rapid
absorption from the gastrointestinal tract, and ready distribution in the brain,*3° BZDs have been
used in the clinic as anxiolytics, sedative-hypnotics, myorelaxants and anticonvulsants 128 131,132
for over four decades. The core structure of these BZDs contain a benzene ring fused with a

seven-membered diazepine ring, along with a pendant phenyl C ring (Figure 13). In typical BZDs,

the pendent phenyl ring is located at C(5), in midazolam it is at C(6)
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Figure 13. The structures of most common BZDs: diazepam, chlordiazepoxide, imidazodiazepine
(IMDZ) midazolam and flumazenil. Diazepam, chlordiazepoxide, and midazolam can bind only to
123

the DS sites, whereas flumazenil can bind to both the DS and DI (diazepam insensitive)sites.

Librium is metabolized to valium in vivo.

BZDs can only modulate GABAaR in presence of GABA. When BZDs binds to a GABAAR ion
channel, the potency to GABAAR is enhanced. As a result, opening of chloride ion channel remains
open longer and results in hyperpolarization of the membrane potential.'33
This phenomena of GABAAaR results in inhibition of neural firing and hence is responsible for
exhibiting different pharmacological properties including anxiolytic, amnesic, ataxic, sedative and
anticonvulsant effects, as mentioned earlier. Due to these properties of BZDs, scientists have

developed these compounds for the treatment of various CNS disorders GAD, SAD, PTSD as well
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as status epilepticus, and panic disorders. At this moment, the scientists are still in search of a
better BDZs because most of these compounds demonstrate some adverse side effects due to
their unwanted nonselective binding to many GABAARs.'® Prior experiments have revealed the
common side effects generated by BZDs include amnesia, ataxia, sedation, muscle relaxation,
drug dependence or withdraw issues as well as tolerance to the antinociceptive and
anticonvulsant effects.’3*13¢ There is a large number of side effects that must be erased and much
improved a2/3-GABAAR subtype-selective BZD ligands can be developed for the treatment of

various CNS disorders.

2.1.4 Different GABAAR subtypes and their distinct functions

In order to develop new compounds, which retain efficacy but have a reduced side effect
profile as compared to the current series of BZDs, it is important to understand the various
pharmacological features of BZDs that can be attributed to specific subtypes. The pioneering
work of Mohler, Sieghart, McKernan, Sigel, Seeburg, Squires, and Haefely through molecular
genetic studies with a-subunit knock-out and point-mutated knock in coupled with mice and
medicinal chemistry have selectively target particular subtypes. This has led to the general
concept that pharmacological effects of the GABAARs depend on modulation of specific receptor
subtypes, principally due to the type of ax subunits.??3 The pharmacological effects of different

subtypes are presented in (Table 12).
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Table 12. The CNS effects at GABAA 01-6B2/3y2 receptor subtypes. 11l 123.137-148 pragented

at the Mona Symposium (2014), University of the West Indies.*°59 Earlier reported, in

part, by Mckernan et al. (ACNP). Later, reported at the Pharm R and D meeting, Los

Angeles, 2019 and 2021 (virtual) by Cook et al.

Subtype Associated effect

al Sedation, anterograde amnesia, ataxia, some anticonvulsant action,
addiction, dependence, as well as involved in the development of tolerance,
and muscle relaxation

a2 Anxiolytic, anticonvulsant action, antihyperalgesic effects

a3 Some anxiolytic action, some antinociceptive effects, anticonvulsant action
at higher doses, some muscle relaxation

ad Diazepam-insensitive (DI) site, important in lung disorders in the periphery
such as asthma

a5 Cognition, learning, temporal and spatial memory (maybe memory
component of anxiety); schizophrenia, depression and in the peripheral
asthma

a6 Diazepam-insensitive (DI) site, important in Tic disorders, Tourette's

syndrome, migraine, trigerminal orofacial pain and perhaps schizophrenia
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The al-GABAARs mediate the sedative effects, anterograde amnesia, ataxia, some
anticonvulsant action, anxiolysis, addiction, dependence, as well as involved in the development
of tolerance, and muscle relaxation.’3” Whereas a2- and/or a3-GABAaRs are associated with
anxiolytic, antinociceptive and anticonvulsant effects*°. In some cases, a2-GABAARs may play a
role in expressing some hypnotic effects and some muscle relaxation at higher doses. But this has
not been confirmed by lot of laboratories. However, much of the antihyperalgesic effects from
the GABAAR occur in the region of spinal cord.’®® 14> The a3-containing GABAARs have some
involvement in the anxiolytic-like effects, anticonvulsant action, antinociceptive effects and
perhaps muscle relaxation at higher doses.14-143. 150 and a5-GABAARs play a role in cognitive
processes, spatial memory and learning.*3® 144 Due to the lack of a large binding pocket for the
pendant Cring of BZDs the a4- and a6-containing GABAaR are Diazepam-insensitive (DI) sites and
therefore no corresponding CNS effect is associated with these two subtypes or treatment with
typical BZDs.11 152

But recent studies have shown (Mizuta, K. et al. and Gallos, G. et al.) that a4-containing
GABAARs and a5 GABAaRs are expressed in the peripheral nervous system (PNS), most
importantly in lungs,#61% which provides a new way to treat asthma using these subtype
selective ligands. New activity have been reported by Sieghart, Knutson et al. which shows the
involvement of a6 Bz/GABAergic subtypes, at the PQ site. The activity of ligands related to the
a6 subtype, to date is Tic disorders such as Tourette's syndrome, migraine, trigerminal orofacial
pain and perhaps schizophrenia.1? 113,153
In addition to the subtype selectivity, the pharmacological effects of GABAaRs in the CNS depends

on this chloride ion influx which regulates the allosteric modulation of GABA. BZDs bind to the
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GABAAR BZD allosteric site and hence increase the orthosteric binding of GABA to the chloride
ion channel. This binding increasing the length of opening of chloride ion channel and results in
a decrease in the membrane potential as mentioned above. As a result of this hyperpolarization
neurons further inhibit neuronal transmission and this results in decreased anxiety, sedation,
amnesic, hypnotic and anticonvulsant effects in the CNS, as well as muscle relaxant effects.1>41>6
These BZD allosteric modulators work in three different way. The agoniost BZDs which are also
called positive allosteric modulators (PAM), bind to the BZD binding site and enhance the binding
of the GABA neurotransmitter in the GABA binding site with increasing influx of chloride ions
through the ion channel pore. The inverse agonist or the negative allosteric modulators (NAM)
BZDs bind to the BZD binding site and trigger an opposite effect to PAMs, and reduce the chloride
ion influx, and results in the depolarization of the membrane (negative modulation). There are
some BZDs which may show variable efficiency of both PAM and NAM at different subtypes.
These are known as partial agonists and partial inverse agonists, respectively. Other types of
BZDs, known as antagonists,'*® do not have a direct effect on GABA functionality but displace
PAMs from binding to BZR site, as well as NAMs. They do not show any pharmacological effect.
But they occupy the BzR site and decrease the interaction of other PAMs and NAMs due to their

more potent binding affinity over the BZD ligands, as mentioned(such as flumazenil and BCCT).*!

Considering these agonists, inverse agonists and antagonists effect and the concept of the
multiplicity of GABAaAR subtypes, one can have a good understanding of the complex
pharmacological nature of GABAAR subtypes and design of ligands for the treatment of various

CNS disorders.
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2.2 Designing of novel a2/3-GABAA R subtype-selective ligands.

As pointed out, gamma-aminobutyric acid type A receptors (GABAARs) are the major inhibitory
neurotransmitter receptors in the CNS and are responsible for the effect on brain functions
depending on the allosteric modulation of ligands at different subunits of the protein complex.>’
BZDs are the classic proactive drug clinically prescribed for over four decades for various CNS
disorders including anxiety, convulsions, as well as insomnia.'37, 150 158,153 However, some BZD
drugs , for example, diazepam, shows moderate to less efficacy in a number of patients. On top
of that, they can produce serious adverse effects, as mentioned above, including sedation,
ataxia, amnesia, and addiction.'3” To improve treatment it is necessary to develop new ligands

with considerably fewer side effects.

It is evident from the data collected, to date, of various experiments that, a2B2/3y2 and/or
a3B2/3y2 GABAAR subtype selective ligands exhibit agonist efficacy and are responsible for the
anxiolytic, antinociceptive, and much of the anticonvulsant actions of the BZD when there is little
or no efficacy at al-subtypes.1?3 160-167 These results provide an indication that, GABAa a2 or a3
agonists are good candidates for the treatment of anxiety, epilepsy, as well as neuropathic pain

with reduced side effects.

A series of imidazodiazepine (IMDZ) agonists, selective for GABAAA a2/a3 subtypes were
designed, synthesized and investigated, based on the previously developed BZD/GABAa
pharmacophore model.''> 188 |n order to expand on this issue, Masiulis et al. studied five
structures of the human synaptic al1B3y2L GABAA receptors in complexes with PTX (Picrotoxin),

PTX and GABA (PTX/GABA), BCC (Bicuculline), DZP (Diazepam) and GABA (DZP/GABA), as well as
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ALP (Alprazolam) and GABA (ALP/GABA).'?® They established the binding modes and structural
effect of these ligands in the ion channel and shed light on the molecular basis for their function.
To obtain the structures in which GABAA receptors can be observed in physiologically relevant
conformations, they used a full-length receptor variant from a thoroughly characterized cell
line'®® and reconstituted it in a lipid bilayer.1?> 126 The series of IMDZ agonist developed in our
group has close resembles to the hybrid structure of DZP+ Flumazenil, as well as ALP. Therefore,

the understanding of the binding models of these BZDs in the a1B3y2 are of great interest here.

2.2.1 Exploring the benzodiazepine binding modes.

2.2.1.1 Structures of a alp3y2L GABA receptor in desensitized states

induced by GABA and alprazolam or GABA and diazepam?®2®

Masiulis et al. established the cryo-EM structures of the alB3y2L receptor in a complex with
GABA and ALP, as well as with GABA and DZP, to nominal resolutions of 3.26 A and 3.58 A,
respectively (Figure 14 a—c, Extended Data Figure 14 d—f). In both structures, GABA molecules
are bound to the orthosteric agonist pockets and ALP or DZP occupy the canonical allosteric BZD-

binding site at the al+/ y2- interface, where they form extensive interactions (Figure 14. d, e).

In the cryo-EM structures of the alB3y2L receptor in complex with GABA and ALP, and with GABA
and DZP (Figure 14) it can be seen that GABA molecules are bound to the orthosteric agonist

pockets and ALP or DZP occupy the canonical BZD-binding site at the al+/ y2- interface, where
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they form extensive interactions (Figure 14. d, e). It is shown in Figure 14g. that the densities of
ALP and DZP are defined in such a way that the fused benzene-diazepine ring is easily
distinguishable from the pendant phenyl rings. It can be noted that, the chlorine atoms at the C8
and C7 positions in ALP and DZP, respectively, interact with the a1His102 side chain in a halogen
bond. In comparison in the a4 and a6 subunits the equivalent positions are occupied by arginine
residues, the larger side chains of which exert a steric clash with ALP and DZP. This is why the
classical BZDs do not show any activity towards GABAa receptor subtypes containing a4 or a6

subunits.170-172

a Diazepam
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Figure 14. (Modified from Masiulis et al.1?¢) a. Structures of diazepam and alprazolam. Diazepine
ring atoms are numbered with labelled Imidazole (I) and benzene (A) rings. b, c. the cryo-EM map
of the a163y2 GABAA receptor in complex with ALP (cyan) (b) and DZP (teal) (c) viewed parallel
to the membrane plane. d, e. Views of the benzodiazepine binding site at the al+/y2- interface
showing ALP (d) and DZP (e) binding modes. Dashed lines indicate n—rt interactions and hydrogen
bonds. f. The low-affinity DZP-binding site in the 83+/ al- interface of transmembrane domain
(TMD) region. g. Plot of the pore radii for the receptor bound to PTX (black dashed line), ALP/GABA

(blue line) and DZP/ GABA (red dashed line).
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2.2.1.2 Conformational differences between closed/resting and

desensitized states in a GABAA receptor.t?®

c Closed/resting P

Rotation

Pull
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Closed/ Desensitized
resting

Figure 15. (Modified from Masiulis et al.??%) a. Superposition of extra cellular domains (ECD) from
PTX (grey) and ALP/GABA (red/blue/yellow) structures based on the global TMD alignment.
GABA- and ALP-induced ECD rotation angles around the rotational ECD axes, and the direction of
motion are shown. b. Global TMD alignment for the PTX-bound (grey) and ALP/GABA-bound
(coloured) structures. 9’ Leu side chains are shown as sticks. c. Schematic illustration of
conformational changes initiated by GABA binding at the ECD level. GABA stabilizes closure of
loop-C in each 8 subunit, causing ECDs to rotate and form stronger 83+/al1- interfaces. The black
arrows indicate the direction of rotation, with increasing arrow thickness representing a greater
magnitude of rotation. BZDs such as alprazolam bind at the al+/y2- interface and reinforce it,
facilitating the concerted rotation of the ECDs. The representation of the black bars (‘stitches’) at
the subunit interfaces indicates the binding strength of the interfaces. d. Differences in the relative

orientations of ECD—TMD between the closed/resting and desensitized states illustrate how GABA
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binding and ECD rotation affect TMDs. It can be noted that, the M2—M3 loops in 8 subunits deform

more than the a and y equivalents, resulting in lower degrees of M2 tilt and TMD rotation.

2.3 Project background

Based on the BZD/GABA(A) pharmacophore model developed by Diaz, He, Zhang and Clayton et
al.*'! a series of rigid GABA(A) a2/3 subtype selective imidazodiazepine (IMDZ) agonists have
been synthesized and investigated. Among them, ligand HZ- 166 (105) (Figure 16) was one of the
first lead compounds containing an acetylene (ethinyl) group at the C-8 position and it is the
acetylene group which is thought to be responsible for the reduced al-subtype efficacy and/or
the binding affinity.!* 168 This compound showed antiseizure activity in a subcutaneous
metrazole seizure (SCMET) test in an animal model (both mice and rats) at ASP (NINDS) with both
oral and i.p. administration'’® as well as non-sedating anxiolytic effect at 1 mg/kg in rhesus
monkeys in the Geller-Seitzer conflict assay.’®?> As compared to the commonly used drug
gabapentin (used for the treatment of neuropathic pain), this ligand (105) showed better activity
in modeles of inflammatory and neuropathic pain and exerted a dose-dependent
antihyperalgesic effect with less sedation, motor impairment or development of tolerance.?3 174
But due to the enzymatic hydrolysis of the ester function to its carboxylic acid in the liver, it
degraded quite rapidly in mouse liver microsomes (MLMs) regardless of showing good stability
in human liver microsomes (HLMs).17> As a result, the C(3) acid metabolite was not able to
penetrate the blood-brain barrier and achieve the desired effects for a long period of time and

hence limits the ability to do ADME toxicity studies in rodents.

113



=N = =N
= Z N =
N ~ N ~ N
| % W
Hz-166 (103) MP-111-080 (106) KRM-11-81 (107)

Figure 16. Structures of Hz-166 (105), MP-111-080 (106), and KRM-1I-81 (107).

To improve the metabolic stability and pharmacological efficiency, new ester bioisosteres have
been designed and studied in the current drug development.’’617® By keeping the main
characteristic of the lead compound (105) and to prevent the hydrolysis of its ester funtionality,
a number of bioisosteres have been designed , synthasized and evaluated by replacing the C(3)
ester functional group.'8%-182 Among these ligands the most potent analogs were MP-111-080 (106)
and the 1,3-oxazole KRM-II-81 (107), both of which showed improved pharmacokinetic
propertiesin human, mouse, rat and dog liver microsomes, as compared to the parent compound
(105). Recent studies have shown that in a rat Vogel conflict assay at 10 mg/kg when given i.p.,
oxazole (107) exhibited anxiolytic effects. As a model of anxiety, a mouse marble burying assay6*
164,167,183 \yas performed with ligand (106) and it has shown significantly reduced marble burying
activity at 10 mg/kg, which is the indication of potent anxiolytic-like effects. It has been found
that both ligand (106) and (107) showd anxiolytic activity at 30mg/kg.'®3 All three a2/3 subtype

selective PAMs and have shown little or no agonist efficacy at al-containing GABAARs and no
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sedation and depandence.%% 164,184 |n addition to that in the model of acetic acid- and lactic acid-
induced pain in mice ligand (107) exhibited potent antinociceptive activity.'® Together these
results indicate one should synthesize and study additional bioisostear of ligand (107) in search
of more potent drug candidates for the treatments of seizures, pain and anxiety without causing

amnesia, sedation, ataxia, or the propensity for addiction/dependence.

2.4 Results and Discussion

Newly designed bioisosteres of HZ-166 (105) or direct analogs of KRM-II-81 (107) have been
synthesized based on the comparetive study of molecular docking of HZ-166 (Figurel2), and
KRM-1I-81 (Figure 11) performed using AutoDock Vina 1.5.6.18> The recently published CryoEM
structure of the human full-length a1B3y2L GABAA receptor ion complex with alprazolam (PDB
bound: 6HUO) by Masiulis S. et al.1? was used to perform the docking studies. The molecular
docking scores (binding affinity) of the designed ligands (ZK-IlI-51, ZK-11I-56, ZK-11I-58) were
determined (Table 13) and examination of these data shows that the binding poses of most of
the ligands prepared herein are similar to HZ-166 (data not shown) and KRM-II-81. The binding
affinities (based on docking scores) of all these ligands was found to be within +/- 1 kcal/mol
difference from the lead compound HZ-166 (-9 kcal/mol) and KRM-II-81 (-9.4 kcal/mol). This
suggested that all these new bioisosteres would bind with the receptor complex with a similar

affinity compared to the lead compound ester HZ-166 and KRM-II-81.
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Table 13. Docking score (computed binding affinity) of bioisosteric ligands.

Compound Binding affinity (kcal/mol)
In the computed model

HG-166 -9

KRM-II-81 9.4

ZK-111-51 -10

ZK-111-56 -9.8

ZK-111-58 -7.4

N O N o N O
=~ —= = \
Nr / \Nj"'// Nr / \Nj\ Nr % \Nj\

Br =N Br =N Br =N
Y/ . N/
ZK-11I-51 (108) ZK-111-56 (109) ZK-111-58 (110)

Figure 17. Structures of ZK-11I-51(108), ZK-111-56 (109) and ZK-111-58(110).

The halogen substituted benzodiazepines e.g. diazepam and alprazolam undergo a halogen bond
interaction with the carbonyl oxygen of the backbone of the a1His102 amino acid in the CryoEM

structure (Figure 18. Alprazolam, Figure 20. Diazepam). Examination of the docking of 8-
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bromosubstituted bioisosteres 108, 109 (Figure 21) and 110 (Figure 22) shows a similar halogen
bond interaction with the carbonyl oxygen of the backbone of the a1His102 amino acid, but most
of the docking software (including AutoDock Vina)'8® does not include halogen bonding in their

scoring functions and, are unable to successfully predict the correct docking score of such

complexes.
/N\
O
Cl

Alprazolam

Figure 18. Enlarged cryoEM structure of the human full-length a163y2L GABAa receptor ion

complex with alprazolam using AutoDock Vina.

117



Therefore, based on the previously developed ligands, in colaboration with Dr. Lalit Golani it can
be expected that, these ligands with bromine at position 8 would bind stronger to the a1p3y2L
GABAA receptor complex, as compared to the other ligands [ ZK-IV-04 (111), ZK-1V-05 (112), and
ZK-1V-07 (113), which was also designed and synthesized (Figure 19)] and would exert increased

motor side effects. Ligands 111, 112 and 113 might show sedation.

N 0 N 0 N O
= — = \
et EaR e
—N 4 —N 4 —N

FZ
~N N N
N\ X/ N
ZK-IV-04 (111) ZK-IV-05 (112) ZK-IV-07 (113)

Figure 19. Structures of ZK-IV-04 (111), ZK-IV-5 (112) and ZK-IV-7 (113).
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Diazepam

Figure 20. Enlarged cryoEM structure of the human full-length a183y2L GABAA receptor ion

complex with Diazepam using AutoDock Vina.
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Figure 21. CryoEM structure of the human full-length a183y2L GABAA receptor ion complex with

ligands 108 and 109 using AutoDock Vina.
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Figure 22. CryoEM structure of the human full-length a183y2L GABAA receptor ion complex with

ligands 110 and 107 using AutoDock Vina.
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Hz-166 (103)

Figure 23. CryoEM structure of the human full-length a163y2L GABAA receptor ion complex with

ligand HZ-166 (105) using AutoDock Vina

Unfortunately energy minimized structure of ZK-1V-04 (111), ZK-IV-05 (112), and ZK-IV-07 (113)
could not be docked in Auto Dauk Vina as these structures would not fit into the human full-
length a1B3y2L GABAA receptor ion complex. This is an indication that, these ligands should not
show any sedative effect which is related to the al subtype of GABAaRs. On the other hand they

may not bind to BzR, hence the biology is important.
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2.5 Biological Studies on KRM-11-81 (107)

2.5.1 Pharmacology of KRM-II-81

The amplification of GABA singnaling by KRM-11-81(107) through allosteric modulation has been
studied in different electrophysiological systems. During these studies, the neurotransmitter
GABA was introduced into the recombinant receptors containing axp3y2 receptors and in the
presence of 107 the augmented current induced by GABA was measured. From this experiment,
it has been found that 107 is a selective potentiator of a2 and a3 containing GABAaRs with little
effect on al-containing or a5 containing GABAAaRs. In fact, it shows very low efficacy at a5
containing GABAaRs as mentioned and when studied for activity against a host of other
neurotransmitter receptors at PDSP it did not show any off-target liabilities. It was found from
the radioligand bifing studies that, the I1Csg value is less than 10uM for NMDA, AMPA, kainite,
h5HT receptors (1a-f, 2a-c, and 5-HT7), hACHE, hADRa (1a, 1b, 1d, 2a, 2b, 2c), hADRb (1 and 2),
hADORA3, hD1, hD2S, hDAT, hH1, hM2, hM3, hERG.!®3 In addition to this KRM-1I-81 was devoid

of CYP 3A4, CYP2D6, and CYP2C9 inhibition.83
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2.5.2 Pharmacokinetics

In a liver microsomal assay KRM-11-81 (107) showed high stability and the LDsg value was found
to be greater than 100uM in cytotoxicity assay in an HEK293T cell line.'®3 The bioavailability of
this ligand was also very good compared to the lead compound HZ-166 after intraperitoneal
administration ( i.p. ) and oral administration in rats. For example, the plasma concentration of
107 was found to be 3910 nM after introducing the 10mg/Kg dose whereas the HG-166 could not
achieve the concentration greater than 12.2 nM.'®3 Experiments show that both oral and
intraperitoneal dosing in rats produced detectable unbound plasma levels of KRM-II-81 from
0.25-12h post dosing with oral exposure being greatest at 1h (600 nM unbound drug levels).8’

These data indicate that pharmacokinetically 107 shows much better results than HZ-166.

2.5.3 Antiepileptic activity

Epilepsy is a chronic, life-threatening neurological disease which can occur at any age and to date
it affects almost 2.3 million people in the US and over 50 million worldwide.'® The common
symptoms of epilepsy are convulsion, muscle spasms, disturbances of movement, strange
sensations and loss of consciousness from a mild to a severe level over an extended period.'?3
Among different kinds, the most common type is termed as idiopathic epilepsy the cause of
which is unknown and it difficult to treat with present drugs. Whereas the cause of secondary

epilepsy is thought to be due to prenatal brain damage, a stroke, a brain tumor, a head injury, or
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infection, etc. General medications for the treatment of epilepsy include the use of
benzodiazepines (BZDs), carbamazepine, phenytoin, valproate, felbamate, gabapentin,
lamotrigine, levetiracetam along with treatment of status epilepticus and surgical approaches.
But with these kinds of medication some epileptic symptoms can be controlled at a certain
level.1® But to fully control the symptoms with minimized side effects there is an urgent need of
improved antiepileptic drugs. As we know the BZD ligands that target a2 or a2/3 subtypes are
the ideal candidates for the treatment of epilepsy due to their anticonvulsant activity with
minimal side effects from lack of a1 efficacy, and the lack of possible tolerance from the coupling
of al and a5 subtypes.'® 1% KRM-11-81 which is metabolically much more stable than of HZ-166
which shows anticonvulsant activity, without the development of tolerance to this anticonvulsant
effect (US patent Cook et al.), is a strong drug candidate for the treatment of epilepsy as shown

by examination of several different anticonvulsant models.

2.5.3.1 Acute seizure models

From the earlier studies on HZ-166 by Rivas et al.1”? it was shown that, potentiation of a2/3-
containing GABAARs was sufficient for anticonvulsant effects. Therefore, KRM-I1-81 (107) has
been also tested for anticonvulsant effects and it demonstrated significant anticonvulsant activity
with no sedation nor ataxia even up to 300mg/kg in rats. It also suppressed the hyper-excitation
in rat cortical neurons without altering spontaneous neuronal activity in TBI. The frequency of

spiking and the frequency of bursting initiated by the removal of magnesium from the tissue bath
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was significantly depressed by 107 . This ligand also significantly dampened the enhancement of
the frequency of spiking and neuronal bursts in human epileptic tissue induced by the voltage-
gated K+-channel blocker, 4-aminopyridine.*®! In vivo studies shows that ligand 107 significantly
suppressed convulsions induced by a range of chemical stimuli impacting GABAARs
(pentylenetetrazol, picrotoxin), dopamine receptors (cocaine), potassium channels (4-
aminopyridine), muscarinic receptors (pilocarpine), NMDA receptors (NMDA), glycine receptors
(strychnine). Lethality induced by higher concentrations of chemoconvulsants were also
significantly dampened by 107 along with clonic seizures and tonic seizures. It was much more
efficacious than diazepam as it raises the seizure threshold for induction of convulsions.'®? In
addition to that ligand 107 also demonstrated anticonvulsant activity against electrically-induced
seizures in both maximal electroshock models and 6Hz electrical stimulation. This mouse model
is usually used to predict novel antiepileptic treatments!®3 and potential agents for pharmaco-

resistant epilepsies.?®*

2.5.3.2 Seizure sensitization models.

Seizure sensitization or seizure kindling is an effect where an occurance of a seizur increases
the future probability of seizure occurrence. In pharmacoresistant epilepsy models, seizure
sensitization models and on human epileptic tissue KRM-II-81 (107) also showed good
anticonvulsant activities.'® Fully kindled seizures induced by electrical corneal stimulation,
electrical stimulation of the basolateral amygdala, and by the chemoconvulsants,

pentylenetetrazol and cocaine was blocked by ligand 107.1%2 It was also active in a corneal
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kindling model as compared to the standard topiramate. In an amygdala kindling model ligand
107 altered seizure severity, after-discharge duration, and after-discharge threshold.’®! In
pentylenetetrazol induced fully kindled mice, ligand 107 completely suppressed the
convulsionsas did diazepam. Daily tratment of fully kindelled mice with (107 + pentylenetetrazol)
also prevented the further devellpment of seizure kindling and mice tested on day 10 with
pentylenetetrazol in the absence of KRM-II-81 shows significant reduction in seizure prevalence
compared to the mice given vehicle + pentylenetrazol prior to the test session. This dose
dependent effect is considerably less for diazepam than 107.%°2 Cocaine induced kindling is
another example where KRM-II-81 shwos much more effective anticonvulsant activity as
compared to diazepam.*®? With cocane kindling in mice (60 mg/kg for 5 consecutive days), cocane
produced convulsion in 92% of the mice on day 6. Ligand 107 suppressed the seizure prevalence
in fully-kindled mice (42% seizures), as well as blocked the expression development of cocaine

seizure kindling.1%?
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2.5.3.3 Pharmacoresistant models

In 2014, it was reported by Franco et al. that epilepsy can become resistant to antiepileptic
drug therapy.'®® KRM-11-81 was an effective anticonvulsant in a mesial temporal lobe epilepsy
model in mice under a certain condition where the standard antiepelipetics such as lamotrigine
and valproic acid did not work. The characteristic temporal lobe epilepsy in patients can be
mimicked through mice which developed enduring epileptic events.’®” Mice with kainate-
induced mesial temporal lobe seizures shows spontaneous recurrent hippocampal paroxysmal
discharges which occurred 30-60 times per hour and lasted for about 15-20 sec. In the presence
of ligand 107, a significant reduction of spontanious discharge was observed (5.5t 1.4 discharges)
as compared to the baseline level spontanious discharge ( 16.8 + 2.5 discharges).'? In
lamotrigine-insensitive model, where rats are electically kindled by amygdala stimulation in
presence of lamotrigine in such a way that, lamotrigine and some other anticonvulsants did not
show anticonvulsion effects.®® Under such conditions ligand 107 showed anticonvulsant activity
with an EDsp of 19 mg/kg. It also reduced the severe electrically-driven seizures using a minimim
dose of 5 mg/kg.*®? In another model which enables the the monitoring of spontaneous recurrent
seizures and clinically-relevant measures of epilepsy for antiepileptic drug differentiation,?°°
ligand 107 at a dose of 20mg/kg, reduced the seizure burden and increased the percent of seizure
free rats.’®® When given daily in the kainate-induced chronic epilepsy model, ligand 107 did not

show a reduction of anticonvulsant efficasy.®®
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2.5.3.4 Post-traumatic epilepsy

In post traumatic brain injury (TBI) and its negative biological sequalae such as post-traumatic
epilepsy this is associated with affective, neurocognitive, and psychosocial disruption of life and
can have a long term negetive effect on health?°!. Ping et al.2°? described a post TBI assay using
a mouse model where an early quiescence phase of neuronal activity is followed by sustained
hyperactivity of cortical neurons at the time when the mice are at increased risk to develop
posttraumatic epilepsy?®. Experiments based on this study with KRM-11-81 (107), suggests that it

positively reduces the probability of post-traumatic epilepsy.t®?

2.5.3.5 Antinociceptive activity

Pain disorder is a physical phenomenaon where someone can experience pain in one or
several parts or areas of the body and usually can originate in several different types. This can be
chronic pain, complex regional pain syndrome, back pain, cancer pain, neuropathic pain,
inflammatory pain, bladder pain, etc. Standard tratments for pain involve stress management,
psychotherapy, behavioral therapy, acupuncture, and medication.’>> The medication usually
used for the treatment of pain are addictive opioids, NSAIDs, acetaminophen, COX-2 inhibitors,
tricyclic antidepressants, anti-epileptics SSRI’s etc. Based on the fact that the pain pathways
depend for the most part on GABAaR-driven inhibitory neurotransmission, the use of a2/a3
PAMs, shows promise to treat pain disorders 294298 But the common problem related to these

medications involves addiction, tolerance, constipation, risk of kidney damage, liver failure,
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severe stomach pains, bleeding, increased risk of heart attack, high blood pressure and stroke
etc.A large amount of growing evidence suggests that subtype selective ligands targeting a2-
containing GABAAR can be used in the treatment of pain disorders.'?? Since the a2/3 GABAAR
PAM, the 1,3 oxazole KRM-II-81 (107) showed significant activity in animal models of pain due to
its potency at these two subtypes, it is a lead compound to treat pain disorders.The classical BZD
diazepam shows no antinociceptive activity in the early phase of the formalin assay in rats which
indicates that it produces motor impairment. In contrast to that ligand 107 suppressed the pain
and did not suppress the locomotor activity of rats up to a dose of 300mg/kg. KRM-11-81 was also
studied in both mice and rats in acute and chronic pain models.'3* From these models it can be
seen that ligand 107 significantly increased these pain thresholds much above baseline levels
with potency and efficacy greater at particular time periods than gabapentin, the standard-of-
care agent.'® It was also found that ligand 107 can show antinociceptive effects in a model of
chronic neuropathic pain induced by the chemotherapeutic agent paclitaxel. This ligand along
with ligand 106 (MP-111-080) also fully reversed the chemotherapy-induced allodynia when dosed
from day 18 to day 40 with no tolarence developed during this time frame.??? The key is

antinociceptive activity with no tolarence nor sedation.

For the patients with severe pain, dose escalation is sometimes necessary due to the
tolerance to antinociceptive effects of pain medications.?!® But dose escalation can results in
unwanted side effects and increase the risk of medication dependence and lethality.?! In a study
of CFA-induced inflammatory pain, it was found that, daily dosing with ligand 107 showed no

tolerance after 3, 7, or 11 days of subchronic dosing.'8 It also showed similar effects for upto a
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22 day period of subchronic dosing in the case of a neuropathic pain with chronic constrictive

nerve injury.84

2.5.3.6 Anxiolytic activity

In drug discovery, anxiolytic activity with reduced sedative effects has been a long term goal.
BDZs has been used for decades for the acute treatment of anxiety. For example, the drug
alprazolam is widely prescribed for the treatment of anxity. But it comes with a burden sedation,
motor-impairment, as well as abuse and dependence potential.?'> 213 |t can also suppress
respiration and led to emergency room visits and deaths.'8” KRM-11-81 (107) showed anxiolytic
effects in rodants without producing sedation or motor-impairment. In a marble-burying assay
in mice that detects GABAergic anxiolytics as well as the antidepressant/anxiolytic’s, 107
decreases the marbel-burying by rodents significantly. In a rat Vogel assay, ligand 107 increased
the drinking of water by the rats which had been suppressed by punnishment.®? These results

are indicative of very good axiolytic activity for KRM-II-81.

2.5.3.7 Antidepracent activity

BZDs are generally not detected as antidepressants in preclinical screens.?'* But in some
studies with alprazolam at some doses, it has been shown that alprazolam has some
antidepressant like activity.?!> 21® Encouraged by this result, KRM-1I-81 (107) was also evaluated

for its potential antidepressant-like effects in mice. In the force -swim assay it showed
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antidepresent like effecs in mice at a dose of 30mg/kg with deccreased immobility times.? In
contrast to ligand 107 diazepam did not show activity in the forced -swim test.?!’ But in the
presence of antagonist B-CCT diazepam did show some antidepracent activity. Interestinglythe
data with B-CCT suggest that elemination of the seditive effects related to al mediated activity
decreasing depression. The related analog KRM-II-82; however did not show an antidepressant

effect, but it does exert more PAM effect than KRM-II-81.

2.5.3.8 Study of side effects

It is important to consider the side effects of drugs when one tries to determine the
relationship of these drugs to their therapeutic or efficacious doses or levels. As a potential drug
candidate some tests have been done to determine the side effects of KRM-11-81(107), as
compared to the classical BZD diazepam. In the inverted screen tests in rats, an assay to detect
motor imparement has shown that diazepam is more potent then 107, consequently it causes
sedation.?!” Comparison can be done based on the therapeutic index. In rodent seizure models,
when one compared the doses that impare motor performance to the doses that produce
efficasy ligand 107 expressed a much better protective index than diazepam across a host of
assays.’! It also showed no sedation at a dose of 300 mg/kg p.o.,when given to rats at
ETSP/NINDS. At 0.25, 0.5, 1, 2, 4, or 6 hr post drug administration, it showed no sign of sidetion,
ataxia or loss of righting reflex.’®® In contrast, the diazepam after 1h post dosing produced a

considerable amount of sedation and ataxia at a dose of 30mg/kg p.0.1*° As shown before from
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the structural docking studies of KRM-11-81 (Figure 22) and alprazolam (Figure 18) the pendent
ring of both compounds bound similarly. But the chlorine atom at the C8 position of alprazolam
formed a halogen bond with the carbonyl oxygen of the alHis102, whereas the acetyleno group
(ethinyl) at the C8 position of KRM-1I-81 did not interact with alHis102. The binding affinity of
both alprazolam and ligand 107 were -10.8 kcla/mol and -9.4 kcal/mol, respectively. Which
indicates alprazolam binds more strongly to a1pf3y2L GABAAa receptor compared to ligand 107.
From the study of respiratory-depressant effects it was found that ligand 107 is either inactive or
less potent then alprazolam.'®” In acid the induced pain treated rats ligand 107 did not facilitate
intracranial self-stimulation (ICSS) behaviour, suggests that it has less abuse liability than
diazepam since diazepam has predictive validity for abuse liability in the same model.?!8 In fact
KRM-II-81 (107) showed no dependence in this model. To date, ligand 107 has no demonstrated
side effects, hence the interest in this thesis to employ structure based drug design and medicinal

chemistry to prepare better bioiosteres of KRM-1I-81 as back up compounds.

133



2.5.4 Chemistry and Results

2.5.4.1 Synthesis of a2/a3 Subtype Selective Ligands

To synthesize the target ligands, first the common intermediate, ethyl ester(13), was synthesized

on large scale following the procedure by Knutson et al.

MH-
o CICOCH,CI, NaHCO; HMTM, NH,OAc
Br 35-40°C, 1 h 82°C, 4 h Br
Z N CHyCly IPA
[ Q8% T5%
S
114
100g
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‘g CIPO(OEL),, +-BuOK, -20°C, 2 hy;
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N 52% N
N A
116 117

Scheme 25. Synthesis of imidazodiazepine 117
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Starting from the commercially available amine, 2-amino-5-bromo-benzyl-2'-pyridyl
ketone 114, the acylated product 115 was synthesized in 98% overall yield using chloroacetyl
chloride in the presence of sodium bicarbonate. The intermediate 115 was than treated directly
with HMTM (Hexamethylenetetramine), ammonium acetate in IPA at 82 °C to provide the
diazepine core 116 with 75% yield. This amide 116 was purified by recrystallization in methanol
and dichloromethane to avoid column chromatography. The imidazole ring was introduced by
treating the amide 116 with potassium t-butoxide and diethyl chlorophosphate at -20 °C for 2
hours using a dry ice and IPA bath to control the temperature and this was followed by addition
of ethyl isocynoacetate and potassium t-butoxide. at -20 °C. The reaction was then allowed to
stir for 12 hours at room temperature. The resulting imidazodiazepine 117 was purified by a
TBME (t-butyl methyl ether) and cold ethanol wash followed by crystallization in

dichloromethane to obtain 117 in a total yield of 52% (Scheme 25).

The ester 117 was then heated to 90 °C with substituted ethanolamines (individually) in a reflux
apparatus for 22 hours to afford a-hydroxy amides 118a and 118b, respectively. The products
were purified by water wash and chromatography in 81-82% yield. The a-hydroxy products 118a
and 118b were then reacted with thionyl chloride in dichloromethane (individually) to provide a-

halo amides 119a and 119b, respectively, which were purified by crystallization, in 90-92% vyield.
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Scheme 26. Synthesis of 8-Bromo imidazodiazepines 108 and 109

To afford the five membered heterocyclic oxazolines (ZK-11I-51) 108 and (ZK-11I-56) 109, the
a-halo amides 119a and 119b were allowed to react (individually) with sodium hydroxide in
ethanol at room temperature for 12 hours. The products which resulted were purified by

crystallization in hexane and dichloromethane to afford 84-85% yield. (Scheme 26).

To synthesize the 8-ethinyl imidazodiazepines 111 and 112 , the bromo imizazodiazepines
108 and 109 were then subjected to a copper-free Sonogashira coupling (individually) to afford

the triisopropylsilyl (TIPS) protected acetylenes (not shown). Finally, deprotection of the TIPS
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group with fluoride anion provided the 8-ethinyl imidazodiazepines 111 and 112 in 66-67%

overall yield (Scheme 27), respectively.
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Scheme 27. Synthesis of 8-ethinyl imidazodiazepines (ZK-1V-4) 111 and (ZK-1V-5) 112

To afford the oxazoles 110 and 113, the a-hydroxy amide 118b was oxidized by treatment

with the Dess-Martin reagent to provide the corresponding a-acylaminoaldehyde 120, which was

purified by crystallization in 78% yield. The oxazole (ZK-1I-58) 110 was synthesized from the a-

acylaminoaldehyde 120, by employing a cyclodehydration reaction (Robinson—Gabriel synthesis,

Scheme 28) in 71% yield.
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Scheme 28. Synthesis of the oxazole (ZK-11I-58) 110

Mechanistically this oxazole formation proceeds through various pathways (Scheme 29). At
first the triphenylphosphine reacts with hexachloroethane to form the triphenylphosphine
chloride salt. Activation of the aldehyde by the phosphine reagent initiates an allowed
intramolecular 5-exo-trig cyclization. Stereoinduction by R! may favor conformation a, leading to
¢, which may progress directly to the oxazole via syn elimination, through a cyclic six-membered
transition state. Alternatively, this intermediate can undergo decomposition of the
oxyphosphorane with inversion providing the transient minor chloro-oxazoline adduct e, which
is readily converted to oxazole g in the presence of base by anti elimination (E2). The cyclization

from the alternate conformation b provides intermediate d, which does not have the option of
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syn elimination through the cyclic transition state. Decomposition with inversion of d to the
halide produces the major, long-lived adduct, f. This intermediate proceeds through the syn

elimination of HCl to the final product g.
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Scheme 29. Mechanism of the formation of oxazole 110

To afford the oxazole 113 (ZK-1V-07), the imidazodiazepine 110 was subjected to a copper-free
Sonogashira coupling to provides the triisopropylsilyl (TIPS) protected acetylenes (not shown)
Then the deprotection of the TIPS group with fluoride anion provided the 8-ethinyl

imidazodiazepines, target 113 in 67% overall yield (Scheme 30).
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Scheme 30. Synthesis of oxazole (ZK-1V-07) 113

2.5.4.2 Some Biological studies

2.5.4.2.1 Rotarod Motor Impairment Study with Nick Zahn and

Coworkers

A locomotor coordination study is one of the ways to access the possibility of undesired al
mediated CNS side effects. To date, this study was conducted for some of the analogs by placing
mice on a rotating rod for a maximum of 3 minutes after oral administration by gavage at a dose
of 40 mg/kg (Figure 24). The mice were also observed for loss of righting reflex as well, an
indication of undesired CNS effects. Most of the mice treated with the compounds exhibited no

sedation or ataxia, nor loss of righting reflection as compared to the control diazepam.
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Figure 24. Effect of ligands ZK-11I-51, ZK-11I-56 and ZK-1I-58 on sensorimotor coordination. Mice
were placed on the rotarod at three separate time points of 10, 30, and 60 minutes after each
oral gavage drug administration at 40 mg/kg. Their performance on the rotarod for 3 minutes
was recorded and analyzed. After a second fall, it would be considered a failure, and that time

point would be recorded. ZK-11I-58 shows sedation.

Most of the compounds exhibited sensorimotor steadiness at all three time-points, which
indicated no sedative/ataxic effects. However, among these compounds ZK-I11-58 exhibits some
sensorimotor deficits. This result suggests that ZK-111-58 produced some sedation /ataxia because

of its efficacy especially at the a1-GABAAR subtype or perhaps the a5 subtype (Savic et al.).
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2.5.4.2.1 clogP data

Lipophilicity plays an important role in solubility, absorption, membrane penetration, plasma
protein binding, distribution, in vitro or in vivo assessment of ADME (Absorption, Distribution,
Metabolism and Excretion) and PK properties during the selection or optimization of potential
lead compound, CNS penetration as well and partitioning into other tissues or organs such as the
liver and kidney and has an impact on the routes of clearance. The calculated LogP (cLogP) value
provides a good estimation of these properties. It is known that LogP is the logarithm of the
partition coefficient of a compound between n-octanol and water. According to Lipinski’s rule of
5 if a compound has a cLogP value less than 5, such compound has a good absorption and
permeation capability. From the calculated clogP value of the newly developed ligands 4,5,6,7,8
and 9, it can be seen that all these compounds exhibit lower clogP value then 5, which indicates
these should be good for the CNS penetration and partitioning into other tissues or organs such

as brain.
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Table 14. cLogP values of the selected ligands 2

Ligands cLogP values
ZK-11I-51 2.92
ZK-111-56 2.92
ZK-111-58 2.44
ZK-1V-04 2.32
ZK-1V-05 2.32
ZK-1V-07 1.85

@ cLogP values calculated using ChemBioDraw® Ultra (ver.13.0.0.3015).

2.5.4.2.2 PDSP Compound-induced Radioligand Displacement Assays for
31 Receptors with Dr. Bryan Roth

The compound induced receptive primary inhibition studies have been done for ZK-IlI-51
(Table 15) and ZK-111-56 (Table 16) so far by the National Institute of Mental Health's Psychoactive
Drug Screening Program, Contract # HHSN-271-2013-00017-C(NIMH PDSP). The NIMH PDSP is
directed by Bryan L. Roth MD, PhD at the University of North Carolina at Chapel Hill and Project
Officer Jamie Driscol at NIMH, Bethesda MD, USA. From the provided data it can be seen that
both the analogs displaced the radiolabeled probe [3H]flunitrazepam from the benzodiazepine
(BZP) rat brain site of GABAARs . The BZP rat brain site is a homogenized mixture of rat brain cells
and membranes consisting of all GABAAR subtypes (al-a6) where the binding affinity reflects
affinity at the a+y- site (Knutson et al.). It can also be seen that there is no affinity of these analogs
observed for the other selected receptors except 5-HT1A receptor binding for ZK-111-51 and KOR
receptor binding for both the ligands. Most of these individual interactions resulted in about

50% inhibition of binding of the respective ligand at a 10 uM drug concentration, suggesting an
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ICso of about 10 uM, which confirmed these ligands do not bind to off target receprors. Secondary
binding studies (Table 6) were then conducted to determine the binding affinities for any ligand
that displaced >50% radioligand in the primary (PDSP) assay, which demonstrated that off-target

binding for most ligands was 1,000 times less potent compared to the primary target.

2.6 Conclusion

Because of the strong resemblance to potential anticonvulsant and antinociceptive drug
candidate KRM-II-81 and from some biological data collected, to date, it can be said that the
newly developed ligands may be future backup compounds. Although it depends largely on
getting more biological data on other potential ligands 110, 111, 112 and 113 as well which are
currently ongoing in MIDD. Previously studied C8 bromo analogs showed significant sedative
effects. But from the collected rotarod data it can be seen that the C8 bromo compounds 108,
109 and 110 showed little or no sedative effects in mice. Consequently, it can be said that along
with the C8 ethynyl ligands 111, 112 and 113, the C8 bromo ligands 108, 109 and 110 should be
studied further to determination of sedation. These new ligands have potential to be a backup
drugs of KRM-11-81 and hence are of interest. However, all of the biology, which is being waited

on will be the key.
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2.7 Experimental

2.7.1 (S)-8-Bromo-N-(1-hydroxypropan-2-yl) -6- (pyridin-2-yl) - 4H-benzo

[flimidazo [1,5-a][1,4]diazepine-3-carboxamide (118a)

N 7 OH = 7 o
N(\/{#(O—-\ /r N-{ Hn—
=N

HoN “
Br Br —N
90°C reflux, 24h
& N 81% =N
N\ N/
117 118a

Ethyl 8-Bromo-6-(pyridin-2-yl)-4H-benzo[flimidazo[1,5-a][1,4]diazepine-3-carboxylate 117
(5.0g, 12.2 mmol) was mixed with excess (S)-2-aminopropan-1-ol (15mL, 192 mmol) and allowed
to stir for 24h at 90°C using a reflux condenser. After allowing the mixture to cool to rt, the
reaction progress was monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few
drops of 14% ag NH4OH) and it indicated the disappearance of 117. The appearance of a new
spot at (Rf=0.3) in TLC was observed which is polar compared to 117. After that, 25 mL of distilled
water was added to the reaction mixture and it was allowed to stir it at rt at a low setting for 5
min. The excess unreacted (S)-2-aminopropan-1-ol was dissolved in water while the product 118a
remained as a solid. Amide 118a was filtered carefully using a Buchner funnel, washed with
distilled water (2 x 25 mL) and kept on the Buchner funnel overnight to dry. The amide 118a was

collected from the Buchner funnel and placed in a round bottom flask and dried under high
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vacuum for 12h. The final amide appeared as an off-white colored powder [4.33 g (81%)]: m.p.
259-260 °C; [a]p?® = -7.2 (c 1.0, CHCl3). *H NMR (300 MHz, CDCls): &4 8.55 (d, J 4.7 Hz, 1H), 8.14
(d, ) 7.9 Hz, 1H), 7.90 — 7.81 (m, 1H), 7.77 (dd, J 8.6, 2.7 Hz, 2H), 7.59 (d, J 2.3 Hz, 1H), 7.50 — 7.39
(m, 1H), 7.39 = 7.32 (m, 1H), 7.24 (d, J 7.2 Hz, 1H), 6.24 (d, ) 10.8 Hz, 1H), 4.22 (qd, J 6.7, 3.2 Hz,
1H), 4.12 (s, 1H), 3.75 (d, J 9.3 Hz, 1H), 3.64 (dd, J 11.0, 6.4 Hz, 1H), 1.98 (s, 1H), 1.28 (d, J 6.8 Hz,
3H). 13C NMR (75 MHz, CDCl3): 6¢ 166.8 (s), 163.4 (s), 156.3 (s), 148.5(s), 136.9 (s), 135.9 (s), 135.4
(s), 134.9 (s), 134.6 (s), 133.2 (s), 131.2 (s), 128.6 (s), 124.8 (s), 124.2 (s), 124.0 (s), 120.4 (s), 67.6
(s), 48.0 (s), 44.8 (s), 17.1(s). HRMS (ESI/IT-TOF) m/z: [M + H]+ Calculated for C20H18BrNsO;

440.0722; found 440.0694.

2.7.2 (S)-8-Bromo-N-(1-chloropropan-2-yl)-6-(pyridin-2-yl)-4H

benzo[f]limidazo[1,5-a][1,4]diazepine-3-carboxamide (119a)

i NP
= OH = Cl
Nt HN— rﬂ/f HN—{’_
> SOCl,, dry DCM "
Br =N 0°C to rt, 16h, 92% Br =
S . |
118a 119a

The carboxamide 118a (3.0 g, 6.8 mmol,) was dissolved in CH2Cl; (200 mL) and the solution

was cooled to 0 °C. Thionyl chloride (2.96 mL, 40.8 mmol) was added to the solution dropwise
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and then the reaction mixture was allowed to stir at rt for 16 h. After completion of the process
(followed by TLC: silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few drops of 14% ag NH4OH)
the reaction mixture was cooled to 0 °C using an ice bath and a sat. aq solution of NaHCO3 (100
mL) was added dropwise using a dropping funnel. The solution was allowed to stir for 30 min at
0 °C. The organic layer was separated and the aq layer was extracted with CH,Cl, (3 x 150 mL).
The combined organic layer was dried (Na2SOa). The solvent was evaporated under reduced
pressure and the product which resulted, was subjected to crystallization using 25% CHCl, and
75% hexane. The collected crystals of chloride 119a was off white in color and the final yield of
the reaction after crystallization was 2.84g (91%): m.p. 190- 191°C; [a]p?> = -18.6 (c 1.07, CHCls).
1H NMR (300 MHz, CDCI3): 6+ 8.56 (d, J 4.5 Hz, 1H), 8.15 (d, J 7.9 Hz, 1H), 7.83 (dd, J 7.7, 1.7 Hz,
1H), 7.81 (s, 1H), 7.78 (dd, J 8.5, 2.2 Hz, 1H), 7.60 (d, J 2.2 Hz, 1H), 7.44 (d, ) 8.6 Hz, 1H), 7.37 (dd,
17.6,4.9Hz, 1H), 7.27 (d, ) 10.2 Hz, 1H), 6.27 (d, ) 12.4 Hz, 1H), 4.56 — 4.48 (m, 1H), 4.15 (d, J 12.5
Hz, 1H), 3.68 (dd, J 10.8, 3.9 Hz, 2H), 1.37 (d, J 6.7 Hz, 3H). ¥3C NMR (75 MHz, CDCl3): 6¢ 166.8 (s),
162.1 (s), 156.3 (s), 148.6 (s), 136.9 (s), 136.0 (s), 135.4 (s), 134.9 (s), 134.6 (s), 133.2 (s), 131.3
(s), 128.6 (s), 124.8 (s), 124.2 (s), 124.0 (s), 120.4 (s), 49.2 (s), 45.1 (s), 44.8 (s), 18.1 (s). HRMS

(ESI/IT-TOF) m/z: [M + H]+ Calculated for C20H17BrCINsO 458.0383; found 458.0363.
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2.7.3 (S)-2-(8-Bromo-6-(pyridin-2-yl)-4H-benzo[f]limidazo[1,5-

a][1,4]diazepin-3-yl)-4-methyl-4,5-dihydrooxazole (108)

N D N O
2 cl =
r!:f n— rE: Vs w‘M]'u.,
= NaQOH, EtOH
Br =N i, 18h, 85%  Br =
3w ) w
119a 108

The carboxamide 119a (2.0g ,4.36 mmol) was added to ethanol (100 mL) and NaOH pellets
(1.05g, 26.2 mmol) were added at rt. The solution which was obtained was allowed to stir at rt
for 18h. The reaction progress was monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5
and a few drops of 14% ag NH4OH) until the complete disappearance of 119a was observed. The
dihydrooxazole spot was polar on TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few drops
of 14% aq NH4OH) compared to 119a (R¢=0.2). The ethanol was removed under reduced pressure
to afford a solid residue. The residue was dissolved in CH2Cl, (150 mL) and washed with a
saturated aq solution of NaHCO3 (150 mL). The organic layer was separated and the remaining
aq layer was extracted with CHxCl; (3 x 150 mL). The combined organic layer was dried (Na;S0a).
The organic solvent was removed under reduced pressure and the solid residue, which was

obtained, was purified by crystallization (5% MeOH in EtOAc) to afford dihydrooxazole 108 as
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white colored needle shaped crystals (1.56g, 85%) : m.p. 199-200 °C (crystallized from 5% MeOH
in EtOAC). [a]o® = -40 (c 1.0, CHCl3). *H NMR (300 MHz, CDCl3) &+ 8.58 (d, J 4.9 Hz, 1H), 8.08 (d,
J7.9 Hz, 1H), 7.91 (d, J 1.0 Hz, 1H), 7.83 (d, J 7.6 Hz, 1H), 7.78 (ddd, J 8.5, 2.3, 1.0 Hz, 1H), 7.57
(dd, J 2.2, 1.0 Hz, 1H), 7.51 — 7.44 (m, 1H), 7.41 - 7.33 (m, 1H), 6.05 (d, ) 12.6 Hz, 1H), 4.53 (s, 1H),
4.40 (h, ) 6.9 Hz, 1H), 4.18 (d, J 12.7 Hz, 1H), 3.97 (t, J 7.7 Hz, 1H), 1.38 (d, J 6.5 Hz, 3H). 13C NMR
(75 MHz, CDCl3): 6¢ 167.1 (s), 159.0 (s), 156.4 (s), 148.8 (s), 136.9 (s), 135.3 (s), 135.2 (s), 135.0
(s), 134.9 (s), 134.6 (s), 128.5 (s), 127.4 (s), 124.8 (s), 124.2 (s), 124.0 (s), 120.3 (s), 73.9 (s), 61.9
(s), 45.1 (s), 21.5 (s). HRMS (ESI/IT-TOF) m/z: [M + H]+ Calculated for Cy0H16BrNsO 422.0616;

found 422.0608.

2.7.4 (S)-2-(8-Ethynyl-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5-

a][1,4]diazepin-3-yl)-4-methyl-4,5-dihydrooxazole (111)

N 0] 1. TIPS—= N Oj
wh Pd(OAc), 7 -
N-¢ N=", tri-o-tolylphosphane N N
TEA, ACN
Br = 75°C, 16h H ~
=N 2. TBAFxH,0 ~ N
A 0°C, 2h N\
108 69 % overall 11
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A mixture of paladium (Il) acetate (13.3 mg, 0.06 mmol), tri-o-tolylphosphine (36 mg, 0.12
mmol) and anhydrous acetonitrile (15 mL) was allowed to stir at rt for 15 min. The bromide 108
(500 mg, 1.18 mmol), triisopropylsilylacetylene (259.1 mg, 1.42 mmol), triethylamine (358 mg,
3.54 mmol), and acetonitrile (10 mL) were added to the mixture. The reaction mixture was
allowed to reflux at 75°C and monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a
few drops of triethylamine). To complete the reaction, excess triisopropylsilylacetylene (107.6
mg, 0.59 mmol) was added in the reaction mixture. After 16h the solvent was removed under
reduced pressure and the residue was dissolved in CH2Cl; (25 mL) and filtered through a bed of
celite. The filtrate was washed with brine (25 mL) and dried (Na;SOs). The solvent was removed
under reduced pressure and the residue was passed through a short pad of silica gel (silica gel,
EtOAc/hexanes 3:1 with 3% triethylamine) to afford a light yellow colored solid (573 mg, 92%),
which was used for the next step without further purification. To the mixture of this solid (573
mg, 1.1 mmol), THF (20 mL) and water (0.1 mL), TBAF xH20 (0.35 g, 1.3 mmol, 1M in THF) was
added dropwise at 0 °C and the mixture was allowed to stir at rt for 1 h. Analysis by TLC (Silica
gel, EtOAc/hexane/MeOH 2:1:0.5 and a few drops of 14% aq. NH4OH) indicated the
disappearance of starting material. The reaction mixture was then quenched with water and
diluted with EtOAc (30 mL). The organic layer was separated and washed with brine (20mL) and
dried (Na2S04). The solvents were removed under reduced pressure and the residue was purified
using flash column chromatography (silica gel, EtOAc/hexane 2:1 and 3% triethylamine) to yield
a light yellow colored solid, 111 (301.5 mg, 75%) : m.p. 226-230°C (crystallized from 5% MeOQOH in
EtOAc). [a]o?® -9.8 (c 0.51, CHCI3). H NMR (500 MHz, CDCls) 6+ 10.37 (s, 10H), 8.47 (t, ) = 4.0 Hz,

12H), 8.19 (d, J = 7.9 Hz, 12H), 7.80 (d, J = 2.3 Hz, 12H), 7.74 (td, J = 8.2, 1.6 Hz, 13H), 7.71 — 7.67
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(m, 12H), 7.54 — 7.50 (m, 11H), 7.49 (d, ) = 1.7 Hz, 13H), 7.28 (dt, J = 4.8, 3.5 Hz, 13H), 7.05 (d, J =
7.9 Hz, 3H), 6.74 (d, J = 7.9 Hz, 3H), 5.68 (d, J = 1.0 Hz, 12H), 4.59 — 4.48 (m, 12H), 4.44 — 4.32 (m,
13H), 3.98 (dt, J = 16.6, 8.1 Hz, 13H), 3.09 (s, 11H), 1.32 (dd, J = 11.0, 6.6 Hz, 37H). 3C NMR (126
MHz, CDCI3) & 160.53 (s), 155.87 (s), 148.66 (s), 138.72 (s), 136.95 (s), 135.88 (s), 135.42 (s),
134.50 (s), 127.39 (s), 124.82 (s), 124.35 (s), 122.65 (s), 121.54 (s), 81.65 (s), 80.41 (s), 79.64 (s),

77.28 (s), 77.03 (s), 76.77 (s), 74.79 (s), 61.05 (s), 21.20 (s).

2.7.5 (R)-8-Bromo-N-(1-hydroxypropan-2-yl)-6-(pyridin-2-yl)-4H-

benzo[flimidazo[1,5-a][1,4]diazepine-3-carboxamide (118b)

N 0 OH N 0
® J§ Lo
N 0™, H,N N ﬁ"'{-
-
Br =N 80°¢ reflux, 24h Br =N
. N 82% 2N
e S l
17 118b

Ethyl 8-Bromo-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-carboxylate 117
(5.0g, 12.2 mmol) was mixed with excess (R)-2-aminopropan-1-ol (15mL, 192 mmol) and allowed
to stir for 24h at 90°C using a reflux condenser. After allowing the mixture to cool to rt, the
reaction progress was monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few

drops of 14% aq NH4OH) and it indicated the disappearance of 117. The appearance of a new
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spot at (Rr=0.3) in TLC was observed which is polar compared to 117. After that, 25 mL of distilled
water was added to the reaction mixture and it was allowed to stir it at rt at a low setting for 5
min. The excess unreacted (S)-2-aminopropan-1-ol was dissolved in water while the product 118b
remained as a solid. Amide 118b was filtered carefully using a Buchner funnel, washed with
distilled water (2 x 25 mL) and kept on the Buchner funnel overnight to dry. The amide 118b was
collected from the Buchner funnel and placed in a round bottom flask and dried under high
vacuum for 12h. The final amide 118b appeared as an off-white colored powder [4.38 g (82%)]:
m.p. 261-262 °C (20% MeOH in EtOAc). *H NMR (300 MHz, CDCls): 6k 8.56 (d, J 4.4 Hz, 1H), 8.15
(d,J 7.9 Hz, 1H), 7.83 (dd, J 7.7, 1.8 Hz, 1H), 7.77 (dd, J 8.5, 2.3 Hz, 2H), 7.59 (d, J 2.2 Hz, 1H), 7.43
(d, J 8.6 Hz, 1H), 7.39 —7.32 (m, 1H), 7.23 (d, J 7.2 Hz, 1H), 6.26 (d, J 12.6 Hz, 1H), 4.22 (qd, J 6.9,
3.4 Hz, 1H), 4.13 (d, J 13.2 Hz, 1H), 3.75 (d, J 10.9 Hz, 1H), 3.64 (dd, J 11.1, 6.5 Hz, 1H), 1.87 (s,
1H), 1.28 (d, J 6.6 Hz, 3H). 13C NMR (75 MHz, CDCI3): 6C 166.8 (s), 163.5 (s), 156.3 (s), 148.5 (s),
136.9 (s), 136.0 (s), 135.4 (s), 134.9 (s), 134.6 (s), 133.2 (s), 131.2 (s), 128.6 (s), 124.8 (s), 124.2
(s), 124.0 (s), 120.5 (s), 67.7 (s), 48.1 (s), 44.8 (s), 17.1 (s). HRMS (ESI/IT-TOF) m/z: [M + H]+ Calcd

for C20 H1sBrNsO2 440.0722; found 440.0699.
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2.7.6 (R)-8-Bromo-N-(1-chloropropan-2-yl)-6-(pyridin-2-yl)-4H-

benzol[flimidazo[1,5-a][1,4]diazepine-3-carboxamide (119b)

N 0O
OH f’ ) Cl
)( SOCl3, dry CHCly N H’(
-
=

0°C tort, 16h,

Br Br
92%
Z N =N
) o
118b 119b

The carboxamide 118b (3.0 g, 6.8 mmol,) was dissolved in CH.Cl; (200 mL) and the solution
was cooled to 0 °C. Thionyl chloride (2.96 mL, 40.8 mmol) was added to the solution dropwise
and then the reaction mixture was allowed to stir at rt for 16 h. After completion of the process
(followed by TLC: silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few drops of 14% aq NH4OH)
the reaction mixture was cooled to 0 °C using an ice bath and a sat. aq solution of NaHCO3 (100
mL) was added dropwise using a dropping funnel. The solution was allowed to stir for 30 min at
0 °C. The organic layer was separated and the aq layer was extracted with CH2Cl; (3 x 150 mL).
The combined organic layer was dried (Na2SO4). The solvent was evaporated under reduced
pressure and the product which resulted, was subjected to crystallization using 25% CHCl, and
75% hexane. The collected crystals of chloride 119b was off white in color and the final yield of
the reaction after crystallization was 2.84g (91%): m.p. 191-192°C ; *H NMR (300 MHz, CDCI3):

8+ 8.56 (d, J 4.5 Hz, 1H), 8.15 (d, J 7.9 Hz, 1H), 7.83 (dd, J 7.7, 1.7 Hz, 1H), 7.81 (s, 1H), 7.76 (dd, J
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8.5, 2.2 Hz, 1H), 7.60 (d, J 2.2 Hz, 1H), 7.44 (d, J 8.5 Hz, 1H), 7.37 (ddd, J 7.7, 4.8, 1.2 Hz, 1H), 7.27
(d, ] 10.2 Hz, 1H), 6.28 (d, J 12.4 Hz, 1H), 4.52 (s, 1H), 4.15 (d, J 13.0 Hz, 1H), 3.68 (dd, J 10.8, 3.9
Hz, 2H), 1.37 (d, J 6.6 Hz, 3H). 3C NMR (75 MHz, CDCI3): ¢ 166.8 (s), 162.1 (s), 156.3 (s), 148.6
(s), 136.9 (s), 136.0 (s), 135.4 (s), 134.9 (s), 134.6 (s), 133.2 (s), 131.3 (s), 128.6 (s), 124.8 (s), 124.2
(s), 124.0 (s), 120.5 (s), 49.2 (s), 45.1 (s), 44.8 (s), 18.0 (s). HRMS (ESI/IT-TOF) m/z: [M + H]+ Calcd

for C20H17BrCINsO 458.0383; found 458.0367.

2.7.7 (R)-2-(8-Bromo-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5-

a][1,4]diazepin-3-yl)-4-methyl-4,5-dihydrooxazole (109)
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The carboxamide 119b (2.0g ,4.36 mmol) was added to ethanol (100 mL) and NaOH pellets
(1.05g, 26.2 mmol) were added at rt. The solution which was obtained was allowed to stir at rt
for 18 h. The reaction progress was monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5

and a few drops of 14% aq NH4OH) until the complete disappearance of 119b was observed. The
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dihydrooxazole spot was polar on TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few drops
of 14% aq NH4OH) compared to 119b (Rf = 0.2). The ethanol was removed under reduced
pressure to afford a solid residue. The residue was dissolved in CH2Cl, (150 mL) and washed with
a saturated aq solution of NaHCOs3 (150 mL). The organic layer was separated and the remaining
aq layer was extracted with CH,Clz (3 x 150 mL). The combined organic layer was dried (NazS0a4).
The organic solvent was removed under reduced pressure and the solid residue, which was
obtained, was purified by crystallization (5% MeOH in EtOAc) to afford dihydrooxazole 109 as
white colored needle shaped crystals (1.55g, 84%) : m.p. 201-202 °C (crystallized from 5% MeOH
in EtOAc). [a]o25= +44 (c 1.0, CHCl3 ). ™H NMR (500 MHz, CDCls ): 6+ 8.58 (d, J 4.0 Hz, 1H), 8.07 (d,
J7.9 Hz, 1H), 7.91 (s, 1H), 7.81 (td, J 7.8, 1.8 Hz, 1H), 7.77 (dd, J 8.6, 2.2 Hz, 1H), 7.56 (d, J 2.3 Hz,
1H), 7.47 (d, J 8.6 Hz, 1H), 7.37 (ddd, J 7.6, 4.8, 1.2 Hz, 1H), 6.05 (d, J 11.1 Hz, 1H), 4.53 (dd, J 7.2,
2.1 Hz, 1H), 4.45 - 4.35 (m, 1H), 4.17 (d, J 12.7 Hz, 1H), 4.00 —3.91 (m, 1H), 1.37 (d, J 6.6 Hz, 3H).
13C NMR (126 MHz, CDCl3): 8¢ 167.1 (s), 159.0 (s), 156.4 (s), 148.8 (s), 136.9 (s), 135.3 (s), 135.2
(s), 135.0 (s), 134.9 (s), 134.7 (s), 128.5 (s), 127.4 (s), 124.8 (s), 124.3 (s), 124.0 (s), 120.3 (s), 73.9
(s), 61.9 (s), 45.1 (s), 21.5 (s). HRMS (ESI/IT-TOF) m/z: [M + H]+ Calcd for C20H16BrNsO 422.0616;

found 422.0594.
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2.7.8 (R)-2-(8-Ethynyl-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5-

a][1,4]diazepin-3-yl)-4-methyl-4,5-dihydrooxazole (112)

NGO 1 TIPS —= 0
i PaloAc) - j\
W 2z
T N]\ r[f VY

tri-o-tolylphosphane
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Br =N 757, 16h . S =
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109 112

A mixture of paladium (Il) acetate (13.3 mg, 0.06 mmol), tri-o-tolylphosphine (36 mg, 0.12
mmol) and anhydrous acetonitrile (15 mL) was allowed to stir at rt for 15 min. The bromide 109
(500 mg, 1.18 mmol), triisopropylsilylacetylene (259.1 mg, 1.42 mmol), triethylamine (358 mg,
3.54 mmol), and acetonitrile (10 mL) were added to the mixture. The reaction mixture was
allowed to reflux at 75°C and monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a
few drops of triethylamine). To complete the reaction, excess triisopropylsilylacetylene (107.6
mg, 0.59 mmol) was added in the reaction mixture. After 18 h the solvent was removed under
reduced pressure and the residue was dissolved in CH2Cl; (25 mL) and filtered through a bed of
celite. The filtrate was washed with brine (25 mL) and dried (Na;SO4). The solvent was removed
under reduced pressure and the residue was passed through a short pad of silica gel (silica gel,

EtOAc/hexanes 3:1 with 3% triethylamine) to afford a light yellow colored solid (559 mg, 90%),
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which was used for the next step without further purification. To the mixture of this solid (559
mg, 1.06 mmol), THF (20 mL) and water (0.1 mL), TBAF xH.0 (0.35 g, 1.3 mmol, 1M in THF) was
added dropwise at 0 °C and the mixture was allowed to stir at rt for 1 h. Analysis by TLC (Silica
gel, EtOAc/hexane/MeOH 2:1:0.5 and a few drops of 14% ag. NH4OH) indicated the
disappearance of starting material. The reaction mixture was then quenched with water and
diluted with EtOAc (30 mL). The organic layer was separated and washed with brine (20mL) and
dried (Na;S0a4). The solvents were removed under reduced pressure and the residue was purified
using flash column chromatography (silica gel, EtOAc/hexane 2:1 and 3% triethylamine) to yield
a light yellow colored solid, 112 (301.5 mg, 77%) : m.p. 220-223 °C (crystallized from 5% MeOH
in EtOAc). [a]o?® = +10.2 (c 1.02, CHCl3 ). *H NMR (300 MHz, CDCl3) 8H 8.58 (d, J 4.9 Hz, 1H), 8.08
(d, J 7.9 Hz, 1H), 7.91 (d, J 1.0 Hz, 1H), 7.83 (d, J 7.6 Hz, 1H), 7.78 (ddd, J 8.5, 2.3, 1.0 Hz, 1H), 7.57
(dd, J 2.2, 1.0 Hz, 1H), 7.51 — 7.44 (m, 1H), 7.41 - 7.33 (m, 1H), 6.05 (d, J 12.6 Hz, 1H), 4.53 (s, 1H),
4.40 (h, ) 6.9 Hz, 1H), 4.18 (d, J 12.7 Hz, 1H), 3.97 (t, J 7.7 Hz, 1H), 3.10 (s, 1H), 1.38 (d, J 6.5 Hz,
3H). 13C NMR (126 MHz, CDCls) 8¢ 160.53 (s), 155.87 (s), 148.66 (s), 138.72 (s), 136.95 (s), 135.88
(s), 135.42 (s), 134.50 (s), 127.39 (s), 124.82 (s), 124.35 (s), 122.65 (s), 121.54 (s), 81.65 (s), 80.41

(s), 79.64 (s), 77.28 (s), 77.03 (s), 76.77 (s), 74.79 (s), 61.05 (s), 21.20 (s).
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2.7.9 (R)-8-bromo-N-(1-oxopropan-2-yl)-6-(pyridin-2-yl)-4H-

benzol[flimidazo[1,5-a][1,4]diazepine-3-carboxamide (120)

(}M O oH rl*a o 1 ©
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To a solution of (R)-8-Bromo-N-(1-hydroxypropan-2-yl)-6-(pyridin-2-yl)-4H-
benzo[f]imidazo[1,5-a][1,4]diazepine-3-carboxamide 118b (3 g, 6.8 mmol) in CHCl; (70 mL), the
Dess-Martin periodinane (5.78 g, 13.6 mmol) was added in one portion and the mixture was
stirred at rt for 4 h. The reaction mixture was analyzed by TLC (silica gel, EtOAc/hexane/MeOH
2:1:0.5). After the completion of the reaction by TLC, the mixture was diluted with CHCl, (100
mL) and quenched by addition of a sat. ag NaHCO3 solution (80 mL) and a sat. solution of aq
NazS203 (80 mL). The mixture was stirred for 20 min and the layers were separated. The aq layer
was extracted with CH,Cl(100 mL x 2) and the combined organic layer was washed with brine
(100 mL) and dried (Na;S0a). The solvent was removed under reduced pressure and the residue
was purified by flash chromatography (silica gel, 100% EtOAc) to provide amide 120 as a light-
yellow powder (2.4 g, 81%). m.p. 246-249 °C, [a]p?® = +32.7 (c 1.02, CHCI3 ) *H NMR (500 MHz,

CDCI3): &4 9.67 (s, 1H), 8.57 (ddd, J 4.8, 1.8, 0.9 Hz, 1H), 8.15 (dt, J 7.9, 1.1 Hz, 1H), 7.87 — 7.80
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(m, 2H), 7.78 (dd, J 8.6, 2.2 Hz, 1H), 7.61 (t, J 4.5 Hz, 2H), 7.45 (d, J 8.5 Hz, 1H), 7.37 (ddd, J 7.6,
4.8,1.2 Hz, 1H), 6.25 (d, J 12.5 Hz, 1H), 4.63 (m, 1H), 4.14 (d, J 12.7 Hz, 1H)), 1.46 (d, J 7.4 Hz, 3H).
13C NMR (75 MHz, CDCls ): 8¢ 199.5 (s), 166.8 (s), 162.7 (s), 156.3 (s), 148.6 (s), 136.9 (s), 136.1
(s), 135.4 (s), 134.9 (s), 134.6 (s), 133.3 (s), 130.7 (s), 128.6 (s), 124.8 (s), 124.2 (s), 124.0(s), 120.5
(s), 54.0 (s), 44.8 (s), 14.6 (s). HRMS (ESI/IT-TOF) m/z: [M + H]+ Calcd for Cy0 H16BrNsO2 438.0566;

found 438.0549.

2.7.10 2-(8-bromo-6-(pyridin-2-yl)-4H-benzo[f]imidazo[1,5-

al[1,4]diazepin-3-yl)-4-methyloxazole (110)
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The hexachloroethane (2.4 g, 10.5 mmol) was dissolved in anhydrous acetonitrile (20 mL). The

carboxamide 120 (1.5 g, 3.5 mmol) was dissolved in anhydrous acetonitrile (12 mL) and added to
the above solution. After that, the triethylamine (2.1 g, 21.2 mmol) was added dropwise.

Triphenylphosphine (2.76 g, 10.5 mmol) was then added to the above solution. The ice bath was
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removed, and the reaction mixture was allowed to stir for 16 h at rt. The reaction progress was
monitored by TLC (silica gel, EtOAc/hexane/ methanol 2:1:0.5 and a few drops of 14% agq.
NH4OH). After completion of reaction, water (20 mL) was added. The aq layer was extracted with
ethyl acetate (25 mL x 2). The combined organic layer was washed with brine (20 mL) and dried
(Na2S04). The solvents were removed under reduced pressure and the residue was purified by
flash chromatography (silica gel, EtOAc/hexane 2:1, and 3% triethylamine) to afford oxazole 110
as a light yellow colored solid (1.02 g, 72%). A small amount of oxazole 110 crystallized in EtOH
for a melting point (white needle shaped crystals). m.p. 238-240 °C. *H NMR (500 MHz, CDCl3 ) 6
8.58 (d, J = 4.5 Hz, 1H), 8.09 (d, J = 7.9 Hz, 1H), 7.95 (s, 1H), 7.80 (ddd, J = 10.8, 8.2, 1.7 Hz, 2H),
7.58 (d, J = 2.0 Hz, 1H), 7.50 (d, J = 8.6 Hz, 1H), 7.43 (s, 1H), 7.37 (dd, J = 7.0, 5.2 Hz, 1H), 6.17 (d,
J=11.4 Hz, 1H), 4.28 (d, J = 11.7 Hz, 1H), 2.26 (s, 3H). 13C NMR (126 MHz, CDCl3) § 167.1 (s), 156.8
(s), 156.4 (s), 148.7 (s), 137.4 (s), 136.9 (s), 135.4 (s), 134.9 (d, J = 16.5 Hz), 133.5 (s), 132.8 (s),
128.5(s), 127.7 (s), 124.8 (s), 124.2 (s), 124.0 (s), 120.3 (s), 53.4 (s), 45.0 (s), 11.7 (s). HRMS (ESI/IT-

TOF) m/z: [M + H]+ Calcd for C20H14BrNsO 420.0454; found 420.0492.
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2.7.11 2-(8-Ethynyl-6-(pyridin-2-yl)-4H-benzol[f]imidazo[1,5-

a][1,4]diazepin-3-yl)-4-methyloxazole (113)

1. TIPS———
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A mixture of paladium (ll) acetate (7.8 mg, 0.04 mmol), tri-o-tolylphosphine (21.3 mg, 0.07 mmol)
and anhydrous acetonitrile (10 mL) was allowed to stir at rt for 15 min. The bromide 110 (300
mg, 0.7 mmol), triisopropylsilylacetylene (153.2 mg, 0.84 mmol), triethylamine (213 mg, 2.1
mmol), and acetonitrile (10 mL) were added to the mixture. The reaction mixture was allowed to
reflux at 75°C and monitored by TLC (silica gel, EtOAc/hexane/methanol 2:1:0.5 and a few drops
of triethylamine). To complete the reaction, excess triisopropylsilylacetylene (63.8 mg, 0.35
mmol) was added in the reaction mixture. After 18 h the solvent was removed under reduced
pressure and the residue was dissolved in CH2Cl, (25 mL) and filtered through a bed of celite.
The filtrate was washed with brine (25 mL) and dried (Na2SOa). The solvent was removed under
reduced pressure and the residue was passed through a short pad of silica gel (silica gel, EtOAc/
hexanes 3:1 with 3% triethylamine) to afford a light yellow colored solid (320.2 mg, 86%), which

was used for the next step without further purification. To the mixture of this solid (559 mg, 1.06
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mmol), THF (20 mL) and water (0.1 mL), TBAF x H,0 (0.25 g, 1.3 mmol, 1M in THF) was added
dropwise at 0°C and the mixture was allowed to stir at rt for 1 h. Analysis by TLC (Silica gel,
EtOAc/hexane/MeOH 2:1:0.5 and a few drops of 14% aq. NH4OH) indicated the disappearance of
starting material. The reaction mixture was then quenched with water and diluted with EtOAc
(30 mL). The organic layer was separated and washed with brine (20mL) and dried (Na;SOa). The
solvents were removed under reduced pressure and the residue was purified using flash column
chromatography (silica gel, EtOAc/hexane 2:1 and 3% triethylamine) to yield a light yellow
colored solid, 113 (172.57 mg, 77%). m.p. 235-240 °C . *H NMR (500 MHz, CDCls) &y 8.59 (d, J =
3.5 Hz, 1H), 8.08 (d, J = 7.7 Hz, 1H), 7.98 (s, 1H), 7.84 — 7.74 (m, 2H), 7.59 (d, J = 8.2 Hz, 1H), 7.56
(s, 1H), 7.44 (s, 1H), 7.41 — 7.33 (m, 1H), 6.17 (s, 1H), 4.28 (s, 1H), 3.17 (s, 1H), 2.27 (s, 3H). 3C
NMR (126 MHz, CDCl3) 8¢ 167.7 (s), 156.7 (s), 148.8 (s), 137.4 (s), 136.8 (s), 136.3 (s), 135.8 (s),
135.3 (s), 134.9 (s), 133.5 (s), 132.8 (s), 127.7 — 127.6 (m), 127.1 (s), 124.7 (s), 124.0 (s), 122.8 (s),

120.9 (s), 81.8 (s), 79.3 (s), 45.0 (s), 11.7 (s).

2.8 Rotarod assay

The study was conducted by placing mice on a rotating rod for a maximum of 3 minutes after oral
administration by gavage at a dose of 40 mg/kg including diazepam as the positive control (5
mg/kg), elicited the greatest impairment of sensorimotor steadiness at 10 minutes, followed by
30 and 60 minutes on the rotarod. The vehicle used for this test was 10 % DMSO, 50 % PBS, 40 %

propylene glycol. If the compound was not soluble in vehicle, then it was subsequently
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administered via oral gavage at 40 mg/kg in a vehicle of 2 % polyethylene glycol and 2.5 %

hydroxypropyl methylcellulose solution.
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Appendix Part 1

1.

'H NMR spectrum of pentacyclic ketone 29 (500 MHz, CDs0D)
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2. 13C APT NMR spectrum of pentacyclic ketone 29 (500 MHz, CDs0D)
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'H NMR spectrum of 94b (500 MHz, CDsOD)
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7.

'H NMR spectrum of 93 (500 MHz, CDsOD)
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8.

1D NOEs Observed after Irradiation of Protons at H-17 of 103 (500 MHz, CDs0D)
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9.

1D NOEs Observed after Irradiation of Protons at H-18 of 103 (500 MHz, CDs0D)
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10. 1D NOEs Observed after Irradiation of Protons at H-19 of 103 (500 MHz, CDs0D)
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11. 1D NOEs Observed after Irradiation of Protons at H-14a of 103 (500 MHz, CD30D)
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12. 1D NOEs Observed after Irradiation of Protons at H-14b of 103 (500 MHz, CD3:0D)
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13. 1D NOEs Observed after Irradiation of Protons at H-15 of 103 (500 MHz, CDs0D)
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14. 2D NOESY spectrum of 103 (500 MHz, CDz0D)
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15. Mass spectrum of 99
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Appendix Part 2

1.

'H NMR spectrum of 111 (500 MHz, CDCls)
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113 NMR spectrum of 111 (500 MHz, CDCls)
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3. H NMR spectrum of 110 (500 MHz, CDCls)
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113 NMR spectrum of 110 (500 MHz, CDCls)
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5.

'H NMR spectrum of 113 (500 MHz, CDCls)

LE—

Fra TG
[~ =

209

,Jfﬂ

Wb

I

a R, G,

:[—Tﬁ o[

rd

o |

[}
1T
T

Foor |

=

35 30 25 20 15 1.0 0.5 0.0

4.0

6.5 6.0 5.5 5.0 4.5
1 {pprm)

7.0

7.5

a5 9.0 85

10.0



6. 13 NMR spectrum of 113 (500 MHz, CDCls)
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Note: Additional *H and 3C NMR can be found in the research article (Design, synthesis and
characterization of novel gamma aminobutyric acid type A receptor ligands (Arkivoc, 2020 (Part (vii)), 242-
256))
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Table A: Primary Radioligand Binding Assays for ZK-IlI-51. Compound-induced radioligand
displacement assays for 31 receptors, transporters and channels conducted by the National
Institute of Medical Health Psychoactive Drugs Screening Program (B. Roth et al., UNC, available at
http://pdsp.med.unc.edu).?

Receptor Inhibition 1 Inhibition 2 Inhibition 3 Inhibition 4 Mean %
5-HT1A 5412 4993 4993 5361 5149
5-HT1B -8.87 17.4 -12 53 -4.18 -2.05
5-HT1D -13.06 -7.26 -23 85 -1099( -13.79
5-HT1E 4939 317 415 7.32 6.01
5-HT2A 12 87 21.79 4915 1041 23.56
5-HT2B 37.06 7.23 -8.22 7495 11.01
5-HT2C 17.74 -13.08 -12.45 -0.29 -2.02
5-HT3 2231 405 -071 4.05 743
5-HT4 7.26 13849 2492 -4 52 1041
5-HTS5A 6.18 -22.02 -7.82 342 -5.06
5-HTE 721 -3.82 -0.88 426 169
5-HT7A 10.71 -12.74 -7.82 -17.66 -6.88
AlphalA 549 527 443 103 405
AlphalB 1051 10.3 7.36 12 65 10.22
AlphalD 2207 11.87 931 24 B8 17.03
Alphaza 12 89 0.25 -14 .07 -7.58 -213
AlphazB 16.17 931 572 2119 131
AlphazC 038 -20.67 -28. 48 -13.7| -1562
Beta3 48 46 1271 21493 5.03 23.03
BZP Rat Brain Site 86.73 87.92 87.81 87.49 87.49
D1 17.2 14 85 84 11 68 13.03
D2 071 -9.497 212 6.53 -0.51
D3 757 279 3973 115 15.4
o4 372 -20.59 -19.65 -091 -9.36
D5 12493 30.58 534 2154 17.6
DAT 257 -10.55 -27.92 -4.3 -9.495
DOR 16.67 -21.03 0.69 -527 -2.24
GABAA 2442 -2.87 -6.43 12495 7.02
H1 -6.83 -33.46 28.79 -12.54 -6.01
H2 334 279 40.05 2955 2521
H3 379 -15.86 -1.54 -6.24 -4 96
Ha& 2569 189 30.67 395 28.69
KOR 748 B68.2 64 84 60.92 67.19
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Receptor Inhibition 1 Inhibition 2 Inhibition 3 Inhibition 4 Mean %

Pl -3.17 15.07 21.03 2229 1381
P2 924 -271 0.84 113 005
PA3 5.4 -653 18492 2092 2 El
P 19.55 44 481 -051 7.06
PAS 0.84 -7.81 -116 0.64 -4 48
FMOR 3.54 4.02 723 1228 677
MNET -6.58 -7.38 -11.45 -17.04( -1061
PBR 49 534 42 67 32.06 60.73 45.33
SERT 1152 -4.18 1.05 156 249
Sigma 1 10.57 1174 257 1359 962
Sigma 2 1855 3212 36.08 16.23 2575
MDA 52 88 41 62 36.64 48.55 4492
MNR2B 15494 1755 26.58 1777 2048
Ca channel v1.2 human 50.95 26.53 8221 2195 291
AlphalBetaZ 14.03 15 7.81 023 5499
AlphalBetad 10.26 55 7.03 1195 8.79
Alpha3BetaZ 258 7.34 -2 98 1131 456
Alpha3Betad 051 0 91 6.07 392
AlphadBetaZ 118 6.16 1549 11 44 7.75
AlphadBetaZ (Rat Brain) 0.86 -2.76 -1.88 -0.2 -1
AlphadBetad 6.55 -2.04 -3.58 5.589 171
Alpha7 -1.01 116 1262 =271 252

a Data are the percent inhibition induced by 10 uM of each respective compound on the specific binding at the screened target.
The higher the number the more the radioligand was displaced.
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Table B: Primary Radioligand Binding Assays for ZK-111-56 Compound-induced radioligand
displacement assays for 31 receptors, transporters and channels conducted by the National
Institute of Medical Health Psychoactive Drugs Screening Program (B. Roth et al., UNC, available at
http://pdsp.med.unc.edu).?

Receptor Inhibition 1 Inhibition 2 Inhibition 3 Inhibition 4 Mean %
5-HT1A 18.25 2378 987 551 1435
5-HT1B 139 -452 -1792 28.36 183
5-HT1D 1928 -12.65 -57.85 -226| -1846
5-HT1E 11.22 11485 0 .59 744
5-HT2A 165 15.45 457 2133 10.76
5-HT2B 3491 6.51 -12.89 -16.13 31
5-HT2C -3.85 7.26 -2272 15 84 013
5-HT3 198 -0.56 566 -0.17 173
5-HT4 19.03 7.26 2072 7.26 1357
5-HTS5A 7.24 1.09 275 -0.82 -7.5
5-HTE 9.85 -0.44 -3.05 -6.32 0
5-HT7A -2.03 -1.16 -5.79 -10.71 -492
Alphala -152 -11.27 4 .37 -4.54
Alphalb 17.48 0.39 1236 12 47 10.68
AlphalD 115 17489 24 37 1799 1538
Alphaza 1278 -3.44 65.25 327 1947
AlphazB 971 475 532 104 7.55
AlphazC -1.64 -21.44 -18.16 -16( -1431
Beta3 1598 1271 2598 3519 2322
BZP Rat Brain 5Site 8792 85.43 877 89.65 87 .68
D1 16.26 1239 18.85 33.05 2014
D2 5.85 472 -2.18 924 441
D3 251 2493 1375 1122 =
Oa 1773 -16.49 -1.54 -3.65 -099
D5 7.82 243 10.55 1512 899
DAT 13 -16.14 -14.76 -18.69( -12.07
DOR -6.12 -4 85 -16.13 495 -5.54
GABAA 2244 -11.96 -4.05 -19 87 -3.36
H1 S5 -8.73 -4.41 147 -532
H2 169 2224 2224 24 .39 1764
H3 -3.79 -13. 82 276 215 -318
Ha 26.83 4493 44 48 25.69 35.48
KOR 7211 50.58 7547 65.06 68.31
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Receptor Inhibition 1 Inhibition 2 Inhibition 3 Inhibition 4 Mean %

M1 -6.84 1404 3.37 1197 564
M2 8.68 -7.28 0.584 4.2 161
M3 -7.63 516 -5.21 2458 423
M4 2651 072 -2.15 1402 942
M5 16.38 2396 142 15.02 142
MOR 4 66 -2.56 4.02 611 3.06
NET 221 -3.42 -36.77 -2089] -11.4%8
PBR 3397 2318 2996 29 87 2925
SERT 52 -3.09 011 -325 -0.35
Sigma 1 -523 -18.98 -8.45 -6.5 79
Sigma 2 3.49 6.05 -11.74 -17.78 -5
MMDA 26.24 2927 26.24 323 28.51
NR2B 20.16 2054 24 48 552 17.68
Ca channel v1.2 human 2414 -4.958 36.4 22651| 1954
Alpha2Beta2 048 478 25.26 1267 13.05
Alpha2Betad 0.7 -0.98 155 15.04 4 08
Alpha3Beta2 1514 258 575 -0.499 562
Alpha3Betad -152 185 1399 -0.67 341
AlphadBetal 2.8 916 4 83 471 688
AlphadBeta2 (Rat Brain) 555 -2.32 396 431 288
AlphadBetad 7.21 -0.28 .61 6.55 352
Alpha7 1277 24 22 68 2252 15.09

2Data are the percent inhibition induced by 10 uM of each respective compound on the specific

binding at the screened target. The higher the number the more the radioligand was displaced.
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Table C: Secondary Radioligand Binding Assays. Binding affinity (Ki, nM) values obtained from non-
linear regression of radioligand competition binding isotherms. Testing conducted by the National

Institute of Medical Health Psychoactive Drugs Screening Program (B. Roth et al., UNC, available at

http://pdsp.med.unc.edu).?

Compounds

5-HT1A KOR
ZEAI-51 4669.89 201582
ZK-I1-56 MA 2438.05

aKi values are calculated from best fit ICso values using the Cheng-Prusoff equation. Values are an
average of n = 2. NA are for compounds/receptors not testing for Secondary Screening results.
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