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ABSTRACT

Toxicity associated with bioactive natural products is consideradjar obstacle in the
process of drug discovery. Manzamine A (MA) is one such candidateequires optimization
to overcome the toxicity problem. The manzamine alkaloids represamtae class of natural
products that have shown a diverse range of bioactivities includingiarbial, antiparasitic,
cytotoxicity, anti-inflammatory, pesticidial and was shown to pessetivity against HIV-1 and
AIDS opportunistic infection$ The greatest potential for the manzamine alkaloids appears to be
against malaria and neuroinflammatior}:*> Experimental and modeling studies suggested that
the planerB-carboline moiety can act as DNA intercalator and hence indugeity.* Thus
either modification or the replacement of {hearboline moiety with other heterocycles could
eliminate DNA intercalation and will be a straightforwardpstoward generating manzamine-
like analogs with similar or better biological activities and reduceditgxic

An optimized purification approach, that utilized an acid-base tesdtiof the acetone
extract of the Indonesian spongeanthostrongylophora sp., have been used to obtain a 100 g
scale of pure manzamine A and 8-hydroxymanzamine A. Furthergatiofh of the more polar
fractions led to the isolation of the known manzamines: manzamih2,84-oxamanzamine E,
31-keto-12,34-0xa-32,33-dihydroircinal A, along with two new manzamin&tklanalogs,
acantholactone with unprecedenteldctone and 2,21,28-trioxomanzamine J.

Twenty manzamine A amides were synthesized through the nitradoction and

acylation of C-6 and C-8 of thg-carboline moiety. These analogs were evaluated for in vitro



antimalarial and antimicrobial activities. The amides of MAowed significantly reduced
cytotoxicity against Vero cells, although were less activen thdA. Two amides 6-
cyclohexyamidomanzamine A and n8iexamidomanzamine A showed potent antimalarial
activity in vitro againstPlasmodium falciparum and were further evaluated in vivo in
Plasmodium berghel infected mice. Oral administration of these analogs at theald® mg/kg
(once daily for three days) caused parasitemia suppression oa2d%2%, respectively, with
no apparent toxicity.

Aminomanzmaines were observed to be unstable in solution and this itystHheicted
the yield of the amides. This instability inspired the developmerd eimple and practical
approach for the one-pot conversion of nitroarenes into amide dees.atHOAc/Zn were
utilized as a reducing agent and acyl chloridgdEtere used as the acylating agent in DMF with
good vyield (~60%) of the amide. This method was applicable to 6-nitixanane A, where the
yield of 6-cyclohexamidemanzamine A was significantly improve@%) by this approach
relative to starting with 6-aminomanzamine A (17%)Alkylation of the aminomanzamines
was also problematic because of the instability issue. ldglizhe same reducing system
(HOAc/Zn), a simple, mild, cost effective, and green approachthferreductive mond\-
alkylation of nitroarenes was developed. Carbonyl compounds weareditds the alkyl source
in methanol. Excellent yields were obtained with stoichiometric control of monal@lkylated
products. In order to show the general applicability of our optimized tomsli five natural

products: harmane, estradiol, quinine, manzamine F and curcudiol wertechiéand modified



using our greerN-alkylation strategy. Our new reductive alkylation conditionseweell
tolerated by the nitrated natural products and afforded moderate to exgiellésnt

The straightforward oxidation of ircinal A to ircinoic acid insgiraitilizing the
decarboxylative cross coupling (DCCC) approach for the replacevhéme 3-carboline moiety
with other heterocycles. Optimization of the DCCC reaction easpleted usingS)-perillic
acid as a model compound; however, failed with ircinoic acid. We $kgtched to the ircinal
derived triflate and Suzuki coupling approach. Our proposed scheme wak dyadgirch
reduction of ircinal A followed by an oxidative deformylation that sHogkenerate the
corresponding oxo derivative that could be converted to the deriflatetrNew and unexpected
sequences of reactions were observed in the Birch reduction of ikcumader atmospheric air.
A sequential Birch reduction-elimination-oxidative deformylatioocurred and yielded the
unexpected ircinal-derived enone. Further optimizations are needeavert the new enone to

the corresponding triflate.
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Abstract: There are several avenues by which promising bioactive nahadlicts can be
produced in sufficient quantities to enable lead optimization and medneamistry
studies. Total synthesis of natural products is an important, but istaetifficult,
approach and requires the development of innovative synthetic methodologiegplity

the synthesis of complex molecules. Various classes of natural prdialoids are both
common and widely distributed in plants, bacteria, fungi, insects amshenorganisms.
This mini-review will discuss the scope, mechanistic insights and enastitegy aspects

of selected examples of recently developed one-pot methods thatdeveublished in
2009 for the synthesis of substituted piperidines, quinolizidines, pyrroljdines

hexahydropyrrolizines, octahydroindolizines, anthctams. In addition, progress on the

synthesis ofi-carboline (manzamine) alkaloids will also be discussed.

Keywords: one-pot synthesis; cascade reactions; marine alkaloids; totdlesis;

semisynthesis; organocatalysis



[.1. Introduction

The challenging task of developing a drug candidate from a natwadesto clinical usage
has many obstacles. Toxicity, development of resistance assbwidh the drug candidate, and
providing a sufficient amount of material needed for preclinical #inctal studies, all represent
major challenges. Although nature has been generous in providing stiyativerse molecules
with varying biological activities, it is not always possitdeobtain the required quantities of the
target drug candidate. This lack of material has inspired invaevatiemistry that develops new
methodologies, catalysts, and inventive synthetic routes for thbesymtand modification of
natural products.

Our research program has been involved in isolation and optimizatiorspraice number of
marine alkaloids and peptides. Among the most intriguing is manzam{tg vwith impressive
antimalarial activity. A number of chemical stability chales associated with its chemical
modification require significant attention due to the complexitthefstructure. This compound
can be readily isolated from a marine sponge in good yi€lths inspired the development of
new one-pot synthetic methodologies and conditions whiehapplicable tol and to other
bioactive natural products.

During lead optimization of the manzamine alkaloids, the importanoceefpot methods for
scaling certain drug leads became apparent. One-pot reacteomsaations in which two or
more bond-forming transformations take place under the same reacalitions without
adding additional reagents or catalysEhese reactions have numerous applications in the field
of total synthesis of natural products, particularly in avoiding tstl\c protection/deprotection
processes and purification of intermedidt@sThe importance of these reactions to the organic

synthesis community is illustrated by the numerous reviewsthag discussed different aspects



of these reactiorfs™* Most of these reviews discuss one-pot reactions that were developed during
the total synthesis of selected examples of natural produdisr(els designed or serendipitous
developments) such as Nicoladifsand Tietze'’s® reviews. Although outstanding one-pot
transformations designed for total synthesis of natural producte highlighted in these
reviews, other one-pot transformations designed for other purposesomgted. Synthesis of
heterocycles by one-pot methodologies were discussed in detaihiraBaeviews.*° Specific
reviews on the construction of alkaloids are not found with the excegdtiobayashi’s review

that discussed new methodologies developed for the total synthesmimefselect examples of
alkaloids™*

Owing to the growing interest in marine alkaloids, a detailedudgon of select, newly
developed one-pot methodologies that have been utilized for modificatioarimfenalkaloids or
the synthesis of common alkaloid moieties emphasizing asymnsstibesis, are presented
here. This mini-review discusses applications, mechanistic insaggidsenantioselectivity of
recently developed one-pot methods that have been published during 2009refiortse that
could be applied in the synthesis of marine alkaloid scaffolds &lkaloid moieties found in
marine alkaloids) are emphasized. This mini-review will also rcoue results for manzamine
alkaloids, as well as detailed asymmetric one-pot methodshéorsynthesis of substituted
piperidines, quinolizidines, pyrrolidines, hexahydropyrrolizines, octadydolizines andy-

lactams.

[.2. New One-Pot Methods Used in the Modification of Marine Alkaloids

One-pot reductive amidation of nitroarenes



Manzamine alkaloids are a unique class of compounds that contain acadetpting system
coupled with ap-carboline moiety (Figure 1.1). The first representative of tlaisily is
manzamine AY), which was first isolated by Higa and co-workers in 188%his class of
alkaloids has shown a wide range of biological activities (aotohial, antiparasitic,
cytotoxicity, anti-inflammatory and pesticidal) and has also shaetivity against HIV-1 and
AIDS opportunistic infection&? The most potent activity for the manzamine alkaloids appears to
be against malaria. Manzamine A) (and its natural analog 8-hydroxymanzamine 2 (
exhibited improved potency against malarial parasites both in & in vivo relative to
chloroquine and artemisinifi.However, toxicity associated with high dose scheduleielihthe

development of this class of compounds as new arairabtirugs.

Manzamine A (1) 8-Hydroxymanzamine A (2) Ircinal A (3)
Figure I.1. Manzamine alkaloids.

Since the mechanism of action of manzamine alkaloids as antmhagents is not clear;
several structure activity relationship (SAR) and optimizattadies usingdl, 2 or 3 as starting
materials have been completéd® Nitration of 1 yielded 6- and 8- nitromanzamines and after
reduction afforded the corresponding aminomanzamines (Scheme |.I)oanzamines are
not stable, making them unsuitable for further amidation Nuadkylation reactions. However,

20 amide analogs were successfully synthesized in low Yield.
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1) 1.6 equiv. NaNO,/TFA

2) Zn/AcOH/MeOH
3) Conc. HCI

(5); R=NO, (6); R=NO,
(7); R=NH, (8); R=NH,

Scheme I.1 Nitration of manzamine A.

Inspired by the instability of aminomanzamines gnd 8) and by the low vyields of
amidomanzamine derivatives, a one-pot reductive amidation method waspaevéor the
conversion of nitroarenes to the corresponding antitiBeduction of the nitro group generally
requires a protic solvent as a carrier of the hydrogen gendratetl. However, amidation
reactions using acyl chloride require aprotic solvents as wellra conditions to prevent side
reactions with the solvent. In addition, an amidation reaction usyighlorides requires basic
conditions in which the base will neutralize the hydrochloric ab&tdted from the reaction as a
by-product. Because of this, 8 8mine base (triethylamine, 388 was added in the reduction
step where equimolecular amounts of acetic acid and zinc are musadtition to the acyl
chloride. Once the amine is formed situ, it immediately reacted with the acyl chloride
facilitated by the tertiary amine. Dimethylformamide (DM#as shown to be the best choice of
solvent for this reaction (Scheme 1.2). Using the optimized condjtemveral nitroarenes were

screened for one-pot conversion to amides. All reagents were atdettea and complete



conversion of the starting materials to the corresponding aminesraddsawas observed with
~60% yield of the amides.

o)
NO,

NH, HNJ\R1
1 equiv. Zn/ 4 equiv. Ac X
| D g 2equiv. Zn/ 4 equiv. ACOH
- | —R + || =R
= =
=

DMF / 1.3 equiv. R{COCI
2 equiv. Et3N, 40 °C

~ 60%
One-pot

Scheme 1.2.0ptimized one-pot conditions for the reductive amidation of nitroarenes.

As a validation of this method, a one-pot approach was used for thbhesigntof
6-cyclohexamidomanzamine A)( This amide showed potent antimalarial activity in vitro with
an 1G of 0.032uM against the D6 clone ¢flasmodium falciparum, and was synthesized from
6-aminomanzamine A7) through the normal amidation pathway with low vyield (1786).
Starting with 6-nitromanzamine Ab), and using the optimized one-pot reductive amidation
method, the yield of amid® was increased to 56% (Scheme 1.3). It was surprising hieat t
reductive amidation df proceeded without the addition of @&8nine. A reasonable explanation
for this observation is thad has two internal 3amino functionalities which could possibly
facilitate the reductive amidation reaction. To validate this, haenwas nitrated to produce the
closely related model compounds, 6- and 8- nitroharmanes. When optimizedtareluctive
amidation conditions were applied to nitroharmanes without the additioslf Bo amides
were obtained, only aminoharmanes (Scheme 1.4, Equation 1); howeveddipg &N the
amide derivatives of harmane were isolated in good yield (68%ble(me 1.4, Equation 2). These
experimental results validated the hypothesis regarding tremso capacity of manzamine

alkaloids.



Although this method was developed particularly for the modificationmahzamine
alkaloids, it has clear utility in the synthesis of other alkis. The nitration of several
biologically active natural products, as well as currently @tilizirugs to generate the starting
nitro materials for this one-pot reductive amidation method is oggdine goal is to show the
general and practical applications for this method, as wejeasrating a library of compounds

for further optimization and biological evaluation.

Method A, X=NH,, yield = 17%

Method B, X=NO,, yield = 56%

9)

Scheme [.3.Synthesis of 6-cyclohexamidomanzamine@il§y direct and reductive
amidation approaches. Method A: 1.2 equiv. cyclohexylcarbonyl chlorideqiig.
EtN, cat. DMAP, THF, rt, 1 h; Method B: 2 equiv. Zn/4 equiv. HORcequiv.

EtN, 1.2 equiv. cyclohexylcarbonyl chloride, DMF, 40 °C, one-pot.



2 equiv. Zn/ 4 equiv. HOAC

1 equiv. RCOCI/ DMF
No base

2 equiv. Zn/ 4 equiv. HOAc

1 equiv. RCOCl/ DMF/EtzN

Scheme I.4.Validation of the internal 3amino functionalities in manzamine A

using nitroharmane as a model compounds.

.3. New One-Pot Reactions Used in the Asymmetric d@struction of Some Important

Alkaloid Moieties
[.3.1. One-pot asymmetric synthesis of substituted piperidines

Piperidine containing alkaloids are common in marine environm&fftélthough there have
been several synthetic methdtS reported for construction of this moiety, stereoselectivity
remains a challenging task especially when three or mereagfenic centers or quaternary
substituted carbons are present. The Shi group developed a novel cagpeatech for the
stereoselective synthesis of the piperidine moiety, based on theelogment of an
intermolecular cross-double-Michael addition betweghtunsaturated carbonyl compounds and
nitroalkenes, facilitated by amines as Lewis bases tf B)lylic nitro products are generated in
the process vig-elimination of LB (Figure 1.2). The new cascade reactioroeraged Shi's
group to extend the cascade by involving an activated elecimphiermediate for the

construction of nitrogen containing heterocycles with two or more sterecgmTiers.



NO, equlibrium NO, base o NO2 1) electrophile E. _NO,
RoNH  + )l/ L J/\ \L
R,N R,N X

2) B-elimination

Figure 1.2. Intermolecular cross-double-Michael addition facilitated by amireef vi

elimination.

Based on their previous results, which showed that addition of the amine to nitroalleste is f
they proposed a one-pot cascade approach for the asymmetricss/mdheéhe piperidine
moiety?’ They postulated that adduAt (Figure 1.3), the addition product of the amine with
nitroalkene, was suitable for Michael addition type reaction withaetivated carbonyl to
generate addudB. Ring closure then provides the substituted piperidine motif in a one-pot
approach with the generation of two stereogenic centers. To valldat@roposed one-pot
cascade sequence, nitrostyrene was allowed to react wittylnvenyl ketone (MVK) in the
presence of a primary amine (Scheme 1.5). Being a compleximixtith many possible side
reactions i(e., Baylis-Hillman reaction), it was surprising that substitutqeepdines,13a and
13b, were obtained in excellent yields and good diastereoseleztiwitith no side products.
Solvent optimization of these one-pot conditions showed that THF gave thgidlds with
good diastereoselectivities (97%, dr = 7:1 1&g 85%, dr = 15:1 forl3b). Formation of13
confirmed the formation of adduBt (Figure 1.3), which was trapped by a sequential Henry-aldol
cyclization. Although three stereogenic centers were gewenatpiperidinel3 only two C-4
diastereoisomers were obtained, of which dieeisomer of C-3 nitro and C-4 hydroxy groups

was the major product.

_§=o o R2 OH

NO
NO - 2 R
W ? ﬂ; J/ : /\/“\Rz cyclization OzNﬁ
—~——NO _—
fast equlibrium R:HN R{N 2 \
adduct A adduct B |I?l
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Figure 1.3. Proposed one-pot cascade piperidine synthesis.

OH
N02 02N 3
Jl/ + R1_NH2 o
Ph P

Ph""
11a: R1=Bn;

t 1
11b: R=Cy 12a one-po

13 major 13 minor

13a: Ry =Bn, 97%, dr=7:1,
13b: R4 = Cy, 85%, dr= 151

Scheme 1.50ptimized one-pot condensation for the asymmetric synthesis of piperidine moiety.

This one-pot reaction was compatible with a variety of nitroalkeaesnes and activated
carbonyls. Different aryl and alkyl substituted nitroalkenes igeeé variation at C-2. Moreover,
both alkyl and aryl ketones were suitable for this cascade onprpoéss giving different
choices of substituents at C-4. Substituents at C-5 were possilghhu-substituted enones,
while B-substituted enones delivered variation at C-6 only when ammonia \eds ltisis
interesting that only C-4 isomers were obtained in all cases.

The aza-Michael addu@& (Figure 1.3) was not observed in their mechanistic studies (using
'H-NMR); moreover, the piperidine products were stable under strasig bonditions. These
results strongly suggested that the irreversible Henry-algiization was the rate determining
step, which accounts for the piperidine diastereoselectivity thrinegbhair-like transition state.
With the formation of the C-2 stereogenic center during the anongugate addition, it is
possible that the stereochemistry of the final piperidine prootudt be selectively induced by
chiral amines through its involvement in spatial arrangement of chairdiksition states. In this

case, a new stereogenic center at the exocyclic C-7 wiitimEluced in the piperidine product,
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which may result in the formation of four diastereoisomers. To iigastthis proposed chirality
induction, arylethanamine&4a—c were applied in the one-pot piperidine synthesis and as
expected, piperidined5a—c were obtained in good vyields (Scheme 1.6). The results showed
excellent diastereoselectivity at C-4liBaand 15b with dr > 10:1. In addition, modest chirality

induction by the C-7 center was observed with dr = 4:1.

(' C-7 conformational isomer )

L \ R
HQ ON CH; OH S
7
H@MNP“ H HsC CH3
NOZ /’\ 0o | / 1 Ar 02N
SN S 15001 ez
Ph THF N .
HsC CH
10a )14 12a  one-pot SHO0:N 73
() Ph " 07 CH
88% yield HO 4 N 02N 3
14a: Ar = CgHs; ) Ar
14b: Ar = p-OMe-CgH,
14c: Ar = p-NO,-CgH, 15(a-c)-P3 15(a-c)-P4

15a, 88% yield, dr=82:18:0:0, (P1:P2:P3:P4)
15b, 84% yield, dr=78:15:7:0, (P1:P2:P3:P4)

15¢, 88% yield, dr=73:16:11:0, (P1:P2:P3:P4)

Scheme 1.6 Chirality induction by chiral amines.

X-ray analysis of the piperidine crystals revealed that yotmc C-7 adopted a staggered
conformation with respect to the ring. Moreover, the chemicdtssbi C-8 and C-9 were
significantly shifted upfield in an anti-parallel position relatitee the nitrogen lone pair
electrons. This data suggest that N1«zBond rotation was restricted. Based on these results, a
Henry-aldol cyclization chair transition state was proposed iar€ig4. The N-1 nitrogen lone
pair electrons were placed in the axial position and the prdfetaggered N1-C7 conformation
could be achieved when the small group at C-7 was placed anti ¢adatation) to N-1
nitrogen lone pair. Thregyn-pentane interactions were expected in this staggered confonmati
(as shown in Figure 1.4); however, placement of the small group onnG-{0 @he lone pair will
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minimize these interactions. This proposed transition statecaasistent with experimental
observations. Also, stability of this transition state could be inflaé by the ms* electronic
interaction between the nitrogen lone pair and the exocyclic axi#l groap.

upfield NMR shift, shielded by N
lone pair
syn-pentane repulsion

\ll\ R1 \\‘ m
' H
0
C-7 N-1 O\%NX/H/QR Rsmall
- e IIIIH
R H 6 1 gﬂ()'

0 RIarge
_ N,
N lone pair
staggered conformation of preferred conformation to avoid
N1-C7 bond observed in X-ray the syn-pentane repulsion

Figure 1.4. Proposed chair transition state and the exocyclic chirality induction.

To validate the importance of thisat- electronic interaction in chirality enhancement,
methyl group in the chiral amine was replaced with a carlatexygroup which is less bulky and
would produce a strongerat-interaction. As expected, the reaction of the amino edgsisb
with enonel2a and nitroarendOa yielded the corresponding piperidine products in moderate
yields (Scheme 1.7). Interestingly, piperidinkEsa b were obtained in diastereomerically pure
form. Complete chirality induction was achieved through control vemyotic asymmetry. This
new one-pot method opens the door for the asymmetric sysitifeseveral natural products that

contain a piperidine moiety.
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NO )R\ 0 t CO,Me CO,Me
i
PhJ ¥ HN "COpMe H\ T Jm Jm
THF SN 1
10a 16a: R = i-Pr; 12a  one-pot major minor
16b: R=Bn C-4 isomer only

17a: 62%, dr=3:1; 17b: 65%,dr = 6:1
Scheme 1.7 Enhanced exocyclic stereochemistry control by amino esters.
1.3.2. One-pot organo-catalytic synthesis of quinolizidine derivatives

An elegant one-pot method was recently developed by Franzen and®¥ifdethe
asymmetric synthesis of substituted quinolizidines. This moietydsly represented in several
alkaloids isolated from plants, ants and marine organisms. Tgteasynthetic analysis for the
indolo[2,3-a]quinolizidine skeleton is shown in Figure 1.5. They postulated thastéreogenic
center 12b could be generated through the asymmetric acylimiaiugyclization of the imine
(19). This imine could be obtained from the aldehyde precu28poin which the aldehyde is

apparently the adduct of an enantioselective Michael addition.
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\
Acyliminium ion HN Iminium ion HN Enantioselective
HN cyclization = formation Z\_ Michael addition (|)
S — e —
12 j@) | , BN
N | 0
23 5-‘:{ R
R 0 1 Ri o) 0
R
Rz 2 R, 21 MeO
18 19 20 22

Figure 1.5. Retrosynthetic analysis of the indolo[ZRyuinolizidine skeleton.

This retro-analysis required the addition of an activated agfide the unsaturated aldehyde
21, which has not yet been reported. To accomplish their synthetic plkan,optimized the
enantioselective Michael addition of cinnamic aldehg8eand an activated indol substituted
amide22, using different proline derivatives as organocatalysts (Fig@jedxploring different
solvents, temperatures, as well as various acids need#utfcyclization step of the acyliminium
ion (Scheme 1.7). Dichloromethane (DCM) was the solventhoice and yielded compounds
24aand24b with full conversion at room temperature, but with low enantioseigc{88% ee).
Enantioselectivity was increased to 94% by lowering the tesiyrer to 3 °C, while further
cooling (20 °C) resulted in only 5% conversion. The proline deriva8 (showed the best
selectivity,B was less selective and less active, whilandD were inactive for this reaction.
When trifluoroacetic acid (TFA) was used in the acid-catdyeyclization of the acyliminium

ion, indoloquinolidine products were obtained nonselectively as a 1:1 mikiaveever, some
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selectivity of 24a over 24b was observed when HCI was used. It was also noted that cooling
down the reaction mixture prior to the addition of HCI increaseddleetsvity up to 85:15. The

optimized conditions are highlighted in Scheme 1.7.

H
N
\
0 1) Cat. A (20 mol%); HN HN_
| DCM, 2 days, 3 °C Y
HN -~ +
T o - N
2) HCl in Et,0 (20 mol%)
Ph o -78 °C to RT, 30 min.  Ph" Ph" o)
MeO 69% yield, 94% ee ~ MeO™ ~O MeO™ ~O
23 22 24a 24b

d.r. 85:15

Scheme 1.7.0ptimized one-pot, two step conditions for the synthesis of indoloquinolizidine

derivatives.

FsC

CF,
O O N/
Ph CF3 IIIII%
Mph X ;N> { A~cop
H OTms H H H
Ph

CF;

Figure 1.6. Organocatalysts used for the optimization of the one-pot conditions.

This one-pot, two step method was applied to several aromgtiansaturated aldehydes
with good to excellent enantioselectivity. The indolyl moiety 2&f was replaced with an

electron-rich phenyl group, which should give direct access to theo[agznolizidine
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skeleton. Reaction betwe@8 and the activated amidb, in the presence of the organocatalyst
A, and subsequent addition of HCI, afforded the beajganolizidines26a and26b with good
to high enantioselectivity (Scheme l.8). It was noted that the fmmaof the
benzop]quinolizidine moiety required stronger acidic conditions (40 mol%atired to the
indolo[2,3-a]quinolizidine (20 mol%). This is explained by the poorer nucleophilioit the
phenyl ring compared to the 3-indolyl moiety.

OMe

OMe OMe OMe
MeO MeO

1) Cat. A (20 mol%);

o DCM, 3 days, RT
HN - ¥
I 0
/H 2) HCl in Et,0 (40 mol%)
Ph o _78°C to RT, 30 min.  Ph" 0 PR
MeO MeO™ YO MeO™ YO

© 69% yield, 90% ee ©

23 25 62, .. 26D

Scheme 1.8 Optimized one-pot, two step synthesis of beajp[inolizidine.

The absolute configuration of one of the beajgpliinolizidine derivatives was established by
X-ray analysis asR 3S 115 which provided important mechanistic insight (Scheme 1.9). The
aryl groups in the catalyst will shield tRe face of the iminium intermedia®y, which will help
to establists configuration on C-2 through the unshield@dace. Intramolecular imine formation
with epimerization of the stereochemically labile C-8rabgenic center will establish the

thermodynamically more stableR8BS-trans configuration of the intermediate imirg8. This
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acyliminium ion undergoes an electrophilic aromatic substitution thigharomatic moiety to

give quinolizidine products.

N
OTMS | oTMs , N H 12b
—_— e 3 o
| ArY o Ar' 0

Ir=

I

Ar A Nu
r g MeO™ X0 MeO™ N0
27 HN 28
(0]
0] Two isomers on C12b
MeO

Scheme 1.9 Proposed mechanism for the one-pot formation of quinolizidine moiety.

The excellent diastereoselectivity observed in the acid ye&i@l cyclization could be
explained based on the reaction conditions. Considering the synthesdolmiquinolizidines
24a and 24b (Scheme 1.7), the major isomer wada with the indolyl moiety in an axial
orientation. Although the formation @4aresembles a higher energy product, reaction via the
transition state | (Scheme 1.10) is under kinetic control (-78 °Cingte less steric hindrance

from the equatoriak—protons relative to the theromodynamic equatorial product.
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Kinetic
product
-78 °C
24a
_ H
Thermodynamic N\ -\ H
product N CO,Me
> N H
H Ph
Ho
24b

Scheme 1.10Kinetic versus thermodynamic product formation in the cyclization of the

acyliminium ion.

As a possible application of this one-pot method in the total syntbkebislogically active
marine alkaloids, the tricyclic core of schulzenine alkaloids couldehdily constructed using
Franzen and Fisher's method (Figure 1.8). Schulzenine alkaloidsreestly isolated from the
marine spong@enares schulzei.?° Schulzenines A-C inhibit-glucosidase with I values of 48—
170 nM. Figure 1.9 represents the proposed one-pot reactiooaindt be used for the synthesis

of the tricyclic core of schulzenine alkaloids.
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HO ~OSO3Na
H
N 0]
11b
OH
N
OSO3zNa
Schulzenine A: H-11bis; Ry = H; R, = CHs.

Schulzenine B: H-11b i$; Ry = R, = H.
Schulzenine C: H-11b is; R = R, = H.

Figure 1.8. Schulzenine alkaloids.

OBn
BnO
0 1) Cat. A (20 mol%); BnO
I DCM, 3 days, RT H
+ HN > N0 several steps
‘ O o) HClin ELO (40 mol% OBn — Schulzenines alkaloids
JHClin Et;0 (40 mol'%) COMe ————
-78 °C to RT, 30 min.
one-pot
MeO

Figure 1.9. Proposed one-pot synthesis of the tricyclic core of schulzenine alkaloids.

1.3.3. One-pot enantioselective synthesis of pyrrolidine, hexahydropyrrolizine and related

moieties

Recently, organocatalysis has been widely used in asymmitleesis due to its operational
simplicity, low toxicity, and ready availability compared tetal catalyzed reactioris Maruoka
and coworkers used an organocatalyst of ty§e34 for one-pot construction of pyrrolidine,
hexahydropyrrolizines, and octahydroindolizine moieties with a highgrede of

stereoselectivity: These core structures are commonly found in plant and marineidial
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(Figure 1.10)***® Their organocatalytic based retro-synthetic analysis isepted in Scheme

l.11.

~  CeHiz

Bistellettazole A Lepadiformine

Figure 1.10. Marine alkaloids that possess hexahydropyrrolizine and octahydroindolizine

moieties.

acetal-hydrolysis-
* reductive amination H

gy
-

N *
(HC)—/  COR

29

Organocatalysis reductive

° /_( inat
<: >'(CH2) 5 S-34a-c amination
n
O
33

+ *—CO3R
ON
Ph,C=N"""CO,R - n(HzC)ro NcPh,
asymmetric PTC alkylation 0
32
31
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Ar
O i H
AV EtO,C CO,Et
_/ |
9@ N

©
Ar Br H
Hantzsch ester

(S)-34a (Ar = 3,4,5-F5-CgH>)

(S)-34b (Ar = 3,5-(3,4,5-F3-CgH,),-CgHa)
(S)-34c¢ (Ar = 3,5-(3,5-(CF3),-CgH3)2-CgH3)

Scheme .11 0rganocatalytic retro-synthetic approach for the alkaloid core.

The key strategy is based on the asymmetric conjugate addittbe &ichiff base of glycine
ester 32 to ao,B-unsaturated carbonyl compour@8B catalyzed by chiral phase transfer
organocatalystsSj-34a—c Organocatalytic Michael addition 8R to 33 should give adduc31
in enantiomerically pure form. This adduct can then undergo intramaleediactive amination
facilitated by the Hantzsch ester to yield pyrrolidine derreaB0 as an intermediate. Acetal
hydrolysis followed by another intramolecular reductive aminatibrintermediate30 will
furnish a bicyclic hexahydropyrrolizine skeleton.

First, asymmetric addition of the glycine derivatB2to methyl vinyl ketone (MVK), under
the influence of an organocatalyst of typ&(Scheme 1.12), was examined. Optimization of the
reaction betwee®2 and MVK with K;CO; and 10 mol% of CsCl at 0 °C gave the conjugate
adduct35. This revealed that ED and the organocatalysh){34b gave the best yield (85%), as
well as the best diastereoselectivity (94% ee). Subsequentiyizgiion of the intramolecular
reductive amination a35 with the Hantzsch ester for the synthesis of the substitytedligdine

36 was studied. Optimization of the reaction conditions revealedtiigaHantzsch ester (2
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equiv.) and TFA (1 equiv.) in aqueous EtOH at 60 °C were the best cmsdit build up the
2,5-disubstitutedis-pyrrolidine 36 stereospecifically in 84% vyield.

Et

\/& Hantzsch ester
0 (S)-34b (1 mol %) CF3CO,H

CsCl, K,CO;4 ” . EtOH/H,0 (1:1)
B — e

+ - Bty —CO,CH(BuY),
N

Et" N CO,CHEBWY,

0 N

PhC=N"“coRr 20 0°C CPh, 60°C, 24 h H
85%, 94% ee 84%

32 35 36

Scheme 1.12. Optimized conditions for the conjugate addition and intramolecular

amination steps in the synthesis of 2,5-disubstitategyrrolidine 36.

Next, synthesis of the octahydroindolizine skele®#$h using their optimized conditions
(Scheme 1.13) was performed. Asymmetric conjugate addition of Iffueng ester32 to the
enone37 (2 equiv.) and KCO; (5 equiv.) under the influence of the chiral phase transfer sataly
(9-34b and CsCl in BO at 0 °C for 15 h gave the conjugate add@&in 88% yield with 94%
ee. Hantzsch ester mediated intramolecular reductive aminatitm subsequent acetal
hydrolysis, followed by reductive amination, was effective to gneeoctahydroindolizine core
39in 70% vyield. The reaction sequence was done in a one-pot approach anuguerathout

any difficulty by sequential addition of the reagents to af@@th 48% overall yield.
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OW H
0 o CO,R

H

(S)-34b (1 mol %) O N (H:Ia:ngcs)cmester
CsClI, K,CO v 3L0O;
37 s CPh, EtOH/H,0 (1:1) C,\b
R __
+ Et,0,0°C,15h O 2
7 o 38 CO,R
PhoC=N""CO,R 60 °C. 48 h 2
88%, 94% ee ,
R v 70% 39
32
R= CH(Bu'),)

one-pot reaction T

48% overall yield

Scheme 1.13Synthesis of octahydroindolizirg®.

Hexahydropyrrolizine42 was also obtained under the same optimized conditions (Scheme
1.14). Asymmetric conjugate addition 82 to enone40 yielded adductl in 85% vyield with
90% ee. It was noted that enantioselectivity was slightly deereby switching the cyclic acetal
moiety of38to a 1,3-dioxolane (78% vyield, 86% ee). The hexahydropyrrolizinetskel2 was
then formed in 55% vyield by the action of Hantzsch ester mediateamolecular reductive

amination. A one-pot reaction was also possible with an overall yield of 31%.
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H

Hantzsch ester

H
w0 © (S)-34b (1 mol %) " COzR gt':(gﬁﬁ_é"(') (1)
CsCl, K,CO3 _ o DS Ph, _ |
+ =
(o] =
85%, 90% ee 55%
32 42
R= CH(Bu),
one-pot reaction T

31% overall yield

Scheme 1.14 Synthesis of hexahydropyrrolizide.

1.3.4. One-pot diastereosel ective synthesis of y~lactams

Cycloaddition of imines with succinic anhydride in a one-pot appréaatonstruct the-
lactam moiety in high yield was first reported three desadp by Castagnodi al.** (Scheme
.15, Equation 1). A mechanistic study was not published until 1983 when Custodied
electronic and steric effects on the stereochemical outédwdow yield was obtained when
phenyl substituted succinic anhydride was used instead of suecihidride (Scheme .15,
Equation 2). Also, variations in the structure of succinic anhydrele wot explored in detail in
this methodology. Owing to the wide abundance ofytlectam moiety in natural products and
potential drug leads, the Shaw group has extensively studied the affegbstituents on the
iminolysis of succinic anhydride derivatives. In their firsjppog, Shaw and coworkers
demonstrated the importance of electronic factors on the reaaivilgenylsuccinic anhydride
when reacted with the imines derived from benzaldehyde @bdomobenzaldehyd®,

demonstrating that electron withdrawing groups in the phenyl eahgd excellent yields (>90%)
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(Scheme 1.15, Equation 3). Following this yield improvement, Shaw and kemsaeported that
sulfur-substituted succinic anhydrides also gave excellent y{@@#%%) and showed the highest
diastereoselectivityafiti diastereoisomer) when reacted with different infih¢Scheme 1.15,
Equation 4).

In the case of the iminolysis of maleic anhydride, a posgiblgerionic enolate intermediate
could be generated through a prototropic shift which provides alllligation. To validate
this, Shaw and coworkers studied the cyclization of several poigcynines with maleic
anhydride derivatives (Figure 1.11) as a new one-pot synthesisowiplex nitrogen
heterocycle§® Thus, reaction of the imind5 with maleic anhydride derivativd6 formed
intermediate47, which could isomerize td8. Attack at theo- or y- positions of the dienolate

would lead to product$9aor 49b (Scheme 1.16).

O
N| CGHG (refiu) Y Equation 1
Ph Th oy
CO,H
85%

d.r.= 83:17 anti:syn

Castagnolit al., 1969*

2

_Et o)
N »\ CHCI; (reflux)  Etsy
| + O = :
Ph)\H 4’12 . Equation 2
o Ph™ oA cogH

36%
d.r.=86:14 anti:syn

Cushmaret al., 1983°
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N/Bn 0] Bn
| O>\\5 F toluene (i COH ]
H : —_— Ph 2 Equation 3
rt,12h F
0]
O,N
O-N >90% conv.

d.r.=69:37 anti:syn

Shawet al., 2006°

Bn_

N
toluene (reflux) Equation 4
16h S CO.H
"
90%

d.r.=93:7 anti:syn
Shawet al., 2007

Scheme I.15Milestones of the one-pot synthesis of fHactam moiety.

Imines substituted anhydride
N |
|N by i Q o)
H i o ]
NH ! o |
MeO |
OMe i 0 o}
43a 43b | 44a 44b
\ .Bn E
! o)
| l | R CH CHs
Me H | 3
! o | o |
MeO MeO ! CH;
OMe E O ©
43c 43d | 44c 44d

Figure 1.11. Imines and substituted maleic anhydrides used by &hali®
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Scheme 1.16 Possible cycloaddition pathways of imines with maleic anhydrides.

Tetrahydrophthalic anhydridé4b reacted with several imines through path A to give the
formal cycloaddition products with high diastereoselectivaiyti(configuration) and acceptable
yields (Scheme 1.17, Equation 1 and 2). It was interesting thaediaselectivity of the reaction
of 44b with 43b was reversed when triethylamine and triethylammonium hydrodklavere
present in the reaction mixture. Methyl and dimethyl-substitutegidnianles did not react with
several imines; however, an exomethylene-substituted lactanobtained in good yield (59%)
with excellent diastereoselectivity (>95dhti:syn) when imine43b was used (Scheme 1.17,
Equation 3). Acyclic imines derived from aromatic aldehydes Vesereactive relative to cyclic

imines.
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> Equation 1
43b z
0 Co.CH >05:5 anti:syn
1) 150 °C (MW) NH o 5%%yield
o | CH4CN, 30 min
2) K,CO4/CHs| 0
0 Equation 2
44b
- ¥ >80:20 anti:syn
g CO,CH;  73% yield
43a MeO 2 oye
OMe 51
0
o r;] 1) 190 °C (MW),
CH HsCN, 15 mi : i
o o H CH,CN, 15min_ b >95:5antisyn  EQuation 3
o, NH 2) K,CO4/CH,l NH COCH; 59% yield
0 52
d4c 43b

Scheme 1.17 Polycyclic products from the reactions of anhydriddé and44c with different

imines.

Although the*H-NMR spectrum of the products obtained from reaction of cyclopentane-fused
maleic anhydrid&4awith several imines initially appeared to be consistent wighainticipated
adduct, X-ray crystallographic analysis revealed the products My®acetals (Scheme 1.18).
Mixing anhydride44a with imines 43a and 43b at room temperature yielded an immediate
precipitate ofN,O-acetals53 and54 in 78% and 71% yields, respectively. Mdéactams were

produced upon further heating.
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78% %

Scheme I.18Reaction of anhydridé4awith several imines to yield,0-acetal products.

A completely different reaction manifold was observed in thetimaof ketimine43c with
the maleic anhydride derivativd4dc (Scheme 1.19). A new-lactam was obtained. The
mechanism of formation of this new product is outlined in Scheme A I#ototropic shift of
acylated imine55 will yield the enamide carboxylic aci®6, which is set up for an
intramolecular Michael-type addition of the enamide to the unsatui@atid to afford a new

lactam58 through enamidg?.
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Scheme 1.19Mechanism of the formation gflactam58 obtained from the reaction of ketimine

43cwith anhydrided4c.

Anhydrides44d and44b reacted similarly with ketimind3cto produce the newlactamsb9
and60, in yields of 74% and 59%, respectively (Scheme 1.20). In case epitwg-lactam60, a
50:50 mixture of diastereoisomers was obtained after 15 min ofaraiche. Continued heating
of 60 under reaction conditions shifted diastereoselectivity to a 70:3mj¥avoring thenti
isomer. Produc6l1 was obtained in 72% yield when anhydriéiéa was reacted with ketimine

43c No stereoselectivity was observed in this case.
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Scheme [.20.New y-lactams obtained from the reaction of ketimuigc with several

anhydrides.

4. Conclusion

In this mini-review, we have highlighted a number of one-pot asynmunetethodologies
developed for the synthesis of important alkaloid moieties. One-pritaies are highly practical
and ideal for scaling drug leads to gram scale and greater. Manzakailoedsl are still inspiring
new chemistry in which one-pot methodologies are being developkdvil be discussed in
separate reports. We anticipate a greater application of inetb@ds and similar methodologies

in the field of total synthesis of marine alkaloids and have higlelthlat possible route to
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schulzenine alkaloids. Two or more methodologies could be combined to desigmplete
synthesis of a particular target. Alkaloid moieties highlighted in thig-review {.e., substituted
piperidines, quinolizidines, pyrrolidines, hexahydropyrrolizines, octadydolizines andy-

lactams) are common within the alkaloid family. Although thee many methods for the
synthesis of these moieties, development of one-pot methodologies ito lugtayields with a
high degree of enantioselectivity will provide numerous opportunitees the synthetic

community.
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CHAPTER II.

THE MANZAMINE ALKALOIDS

SECTION A

A SCALABLE PURIFICATION OF MANZAMINE A AND 8-HYDROXYMANZAM INE A

FROM THE INDONESIANACANTHOSTRONGLYPHORA SP. SPONGE
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Introduction:

The manzamines are an intriguing group of alkaloids of marinénofitggure 11.1). Their
structures are characterized by a penta- or tetracytlagen-containing ring system bound to a
B-carboline moiety. Some 80 related compounds have been describedtne than a dozen
species of sponges since the first isolation of manzamin&)Argm an Okinawan genus
Haliclona in 19867 Manzamines exhibited diverse bioactivities including cytotoxicity,
fungicidal! insecticidal® and antibacteri&l and were shown to possess activity against HIV-1
and AIDS opportunistic infectior's.Several manzamines were reported to modulate the
generation of peroxide anion {Dand TXB generated by activated rat neonatal microtjifa.

Manzamine A 1) was the most potent inhibitor and did not show in vitro toxicity to microglia.

Manzamine A (1): R=H ]
8-Hydroxymanzamine A (2): R=OH Manzamine F (3) Ircinal A (4)

Figure I.1. Manzamine alkaloids

Manzamine A (MA) and some of its analogs were identified asva class of glycogen
synthase kinase-3 beta (GSK)3and cyclin-dependent kinase (CDK-Bhibitors** These two
kinases belong to the cyclic-dependent, mitogen-activated, glyceygghase and CDK-like
kinases group (CMGC), which is the largest group of kinases irPlgmenodium kinome??

These two kinases are involved in tau pathological hyperphosphorylatibh was shown to be
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effective in decreasing tau hyper-phosphorylation in human neuroblastethdines, a
demonstration of its ability to enter cells and to interferéh vé@u pathology? Further, MA
shows an interesting and selective binding for human GSKF&ure 11.2). All these data
suggest that MA and its analogs could be used as potential theragugenis for Alzheimer’s
disease.

Recent studies indicated that the manzamines are extraordiactilg against the malaria
parasite, among which MA is the most potent and shows improvedyactar artemisinin and
chloroquine both in vitro and in viv§:*® This activity is confirmed by repeated biological
evaluation in our lab and in laboratories in New Zealand, Japan, Aastmat Switzerland by
corporation through a WHO program. Oral treatment wit(2x100 pmol/kg) an® (2x100
pmol/kg) showed 90% reduction in parasitemia. Mice treated aisingle dose (50 or 100
pmol/kg) of 1 or 2 also showed significant improvements in survival times over tnezged
with chloroquine or artemisinin.

Owing to all these promising biological activities, large amounts of MA wesreired for
further preclinical evaluation, which include efficacy in difiet animal models, toxicology,
pharmacokinetics, etc. On the other hand, large amounts of MA amghatsgs such as 8-
hydroxymanzamine A2) , manzamine F3], and iricinal A @) are required for the structure

activity relationship study and lead optimization.
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Figure 11.2. (Left) Binding mode of MA and selected analogs shown in thegadicin loop (in

the vicinity surrounded by Arg96, Argl80 and Lys205) of human G@KA3so, the ATP
binding region (pocket on right side of the enzyme) is shown witkegfti@mino acids that make
hinge interactions with ATP-competitive inhibitors, Asp133, Vall35 and14tg Protein
Connolly surface is shown. (Middle) Close-up view of part of GBkKt8owing MA docked into
the non-ATP-noncompetitive binding site of GSRE-@zyme (X-ray: 1109). The red regions on
the protein surface indicate hydrogen bond donors and blue regions endicabgen bond
acceptors. (Right) Polar interactions in a docked conformation of MAthe ATP-

noncompetitive binding pocket of GSK3-8X-ray: 1GNG).
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Figure 11.3. Photograph of the Indonesian sporAganthostrongylophora sp.
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Results and Discussion:

Large scale preparation of natural products needs additionaldecatson regarding
efficiency of the extraction method, solvent toxicity, and thenemical factor. Although all
organic solvents such as methanol, ethanol, acetone, chloroform orenetleyiloride (DCM)
and ethyl acetate could be used in the extraction step, misoibknts with water are preferred
to avoid extra drying of the sponge material. However, methanol aadattextracts usually
have more impurities and are hazardous. Thus, acetone was sekeceslitable solvent for
extraction of manzamine alkaloids from the sponge.

Our collaborators in Gadjah Mada University (GMU) in Indonesia lentributed a great
deal to this project by providing crude extractions containing maneaaikaloids from the
marine spongeAcanthostrongylophora sp. (Figure 11.3), collected primarily from the Northern
Sulawesi at Manado Bay (Bunaken) in Indonesia. Large quantitibe @ponge were collected,
using SCUBA, frozen immediately, extracted with chloroform thestcae and shipped to our
lab to perform the purification.

The crude extract was first subjected to an acid-base préexegsnove non-alkaloidal
components from alkaloids (Figure 11.4). The total alkaloid obtainethisytreatment is much
cleaner than the crude extract, which significantly simpliftesl purification of pure alkaloids.
The total alkaloid content is about 30% (w/w) of the crude extract.

Aluminium oxide is suitable sorbent to separate manzamine alkafmadscularly for the
separation of MA and 8-hydroxymanzamine A. However, aluminium oxigeoi® expensive
than silica gel and is denser which means more aluminium oxltlbemised. Therefore, silica
gel is more favorable from the economical point of view. TLC elogtitnization revealed that

n-hexane:acetone:M is a good solvent system to separate manzamine analogscargsili To
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verify this method, a batch of 200 grams of total alkaloids were dotade 1.5 kg silica gel VLC
column and eluted with the above solvent system. Fractions wereonedrlity TLC. Promising
separation was achieved and the majority of MA, 8-hydroxymaimza®, and manzamine F
were collected in >90% purity. A total of 24.4 grams of manzamiri&286), 19.8 grams of 8-
hydroxymanzamine A and 17.7 grams of manzamine F were obtained. Naqgaé A was
obtained under these conditions.

The fractions of MA were purified by crystallization in absel@thanol which yielded
highly pure MA as a free base which contains one molecule of etimatia# crystal. MA free
base was transferred to MA hydrochloric salt readily by afddime equivalent of 0.3% HCI in
methanol and then recrystallized from DCM and methanol. Based oexparience, MA HCI
salt is more stable and has higher solubility in water. Theiadditadvantage for making the
salt is that it is much easier to crystallize relative to the free base.

Experimental:

Preparation of the total alkaloids: The crude extract is dissolved in DCM, mixed with
Celite 545 (Fisher Scientific) and allowed to dry under a hood. dfied mixture is packed into
a 5L Buchner funnel and eluted underua using 0.2N HCI agueous solution. The elution is
monitored for precipitate formation by adding a 5% NaHGQueous solution. Elution is
stopped when precipitation is no longer observed. The eluent is pooled astgcdp a pH of
8.0 using 5% NaHC@solution. The mixture is kept cool until all the precipitate is depads
The collected precipitate is filtered and dried affording thal tatkaloids as an earthy-like

powder.
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Purification of manzamines:200grams of total alkaloids were dissolved in DCM and mixed
with 100 g silica gel and was allowed to complete dryneseaah temperature. The resulting
mixture was loaded on a 1.5 kg silica gel VLC. Elution under vacuuartsstith n-
hexane:acetone 90:10 solvent system with 100 mL fractions until MAAwsaalized by TLC.
Then EtN was added as well as increasing the polarity of the sobystem as follown-
hexane:acetone:triethylamine 85:15:1, 75:25:1, 60:40,1 then 100% of acetonenBr#udt
contain MA were combined and evaporated under vactlihmsame was done farand3.

Crystalization of manzamine A: 27 g of MA free base were dissolved in DCM (20 mL) to
which 0.3N HCI (5 mL) in methanol was added slowly. The solution wasdrthoroughly and
was kept at room temperature for 1 h. The solution was then kept ovamityet refrigerator

and the formed crystals were collected by filtration.

(+)-Manzamine A (1): [« ° + 102.0 (c 1.09, CHg); 'H- and™*C-NMR spectra are shown in
Figure 111.14. HRESIMSm/z 549.3589 (M+H) (calcd for GgHsN4O, 549.3515A +0.007
mmu). The'H- and**C-NMR chemical shifts were within 1 ppm of the reported valifesy
crystal structure is shown in Figure 11.5. The diffraction dagsiltustrated in Table 11.1}H- and
13C-NMR spectra are shown in Figure I1.6.

(+)-8-Hydroxymanzamine A (24):(24 g); pale yellow crystals obtained from methafel?’ +
118.0 (c 1.94, CHG); HRESIMSm/z 565.3539 (M + H) (calcd for GeHasNLO; , 565.3464A
+0.007 mmu). ThéH- and**C-NMR chemical shifts were within +1 ppm of the reported values.
(+)-Manzamine F (2): white crystals obtained from methanfk[> + 47.7 (c 0.67,CHG); 'H-
andC-NMR spectra are shown in Figures 111.16-17. HRESIMS m/z 581.8484 H)" (calcd

for CsgHasN4Os, 581.3413A + 0.007 mmu). ThéH and**C chemical shifts were within +1 ppm
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of the reported values. X-ray crystal structure is shown in €igjur. The diffraction data are

illustrated in Table I1.3.
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Crude acetone extract
Acid-base

Total alkaloids (30%)

Silica gel VLC (1:10)

| Il " v
Ircinal & Manzamine A 8-OH-MA Manzamine F
Manzamine A ) .
1 equiv. 1 equiv.
HCI in MeOH HCI in MeOH
Manzamine A 8-OH-Manzamine A
hydrochloride hydrochloride
Recry. Recry.
High pure High pure
Manzamine A 8-OH-MA
hydrochloride hydrochloride

Figure I1.4. Large scale purification scheme of manzamine alkaloids from the Indanes

spongeAcanthostrongylophora sp.
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Figure 11.5. ORTEP drawing of manzamine A HQI)(

44



Table II.1. X-ray diffraction data of manzamine A HQI)(

Crystal data
CasHygyN,O.CH,O
M, = 580.70
Orthorhombic
P2,2,2,

a = 0.4073 (10) A
h = 12.2583 (10) A
c=28.327 (5) A
V = 32666 (T) A®
Z=4

D, = 1.181 Mg m—3

D, not measured

Data collection

KappaCCD (with Oxford Cryostream) diffrac-

tometer
w scans with s offsets
Absorption correction: none
28546 measured reflections
5514 independent reflections

Refinement
Refinement on F?

R[F? > 20(F%)] = 0.040
wR(F?) = 0.097
S = 1.044

5514 reflections

Mo Ko radiation

A =0.71073 A

Cell parameters from 5160 reflections
# = 2.5-30.5°

p = 0073 mm—?!

T=106K

Fragment

Colorless

0.35 = 0.25 = 0.20 mm

Crystal source: local laboratory

4852 reflections with

1> 25(1)
Riny = 0.027
Binax = 30.57
h=—13 — 13
k=17 — 17
1= —40 — 40

intensity decay: <2%

w=1/[o2(F2) + (0.0472P) + 0.5834P)

where P = (F2 + 2F2)/3
(A /o )max = 0.001
Apmes = 0.20 e A2
Apmin = —0.18 e A3
Extinction correction: SHELXL

399 parameters Extinction coefficient: 0.0017 (5)
H atoms treated by a mixture of independent Scattering factors from Imternational Tables

for Crystallography (Vol. C)

and constrained refinement
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Figure 11.6. *H- and**C-NMR spectra of manzamine A)(in CDCk at 400 and 100 MHz,

respectively
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Figure 11.7. ORTEP drawing of 8-hydroxymanzamine A H@) (

a7



Table I1.2. X-ray diffraction data of 8-hydroxymanzamine A HQJ (

Crystal data

C36H4sNLO,™.Cl Mo Ko radiation

M,=601.21 A=0.71073 A

Orthorombic Cell parameters from 6056 reflections
P2,2,2, 0=2.5-32.6°

a=104173 (10) A° 4 =0.162 mm™

b=12.2580 (10) A° =102 K

c=24.492 (3) A° Rectangular prism

V=3127.5(5) A® Colorless

Z=4 0.35x0.25x0.20 mm

D,=1277Mgm™
Dy, not measured

Data collection
Kappa CCD (with Oxford Cryostream) diffractometer
9404 reflections with 7 > 26 (1)

o scans with x offsets Ry = 0.066

43861 measured reflections fmax = 32.58°

11211 independent reflections h=-15t0 15
K=-18t018
[=-36t0-37

Intensity decay < 2%
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Figuer.Il.8. ORTEP drawing of manzamine B)(
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Table 11.3. X-ray diffraction data of manzamine B)(

Crystal data
C36H44N405.1.5(H,0).0.5(C,H;N)
M,.=628.30

Monoclinic

C2

a=20.749 (3) A°

b=12424 (3) A°

c=14.239 (3) A°

S =114.993 (9)°

V=3326.9 (12) A°
Z=4

Dy =1.254Mgm™
D,, not measured

Data collection

Mo Ko radiation

A=0.71073 A

Cell parameters from 5035 reflections
0=25-30.5°

¢ =0.083 mm™

T=110K

Plate

Colorless

0.35x0.27 x 0.08 mm

Kappa CCD (with Oxford Cryostream) diffractometer

4686 reflections with 7> 26 (])
o scans with x offsets

27402 measured reflections
5268 independent reflections

Intensity decay < 2%

Rin: = 0.031

fmax = 30.5°
h=-29to028
K=-17to0 17
[=-20to-20
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CHAPTER II.

THE MANZAMINE ALKALOIDS

SECTION B
TWO NEW MANZAMINE ALKALOIDS FROM THE INDONESIAN

ACANTHOSTRONGLYPHORA SP. SPONGE

Submitted for publications in Organic Letters 2012
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Introduction:

As we discussed in section A of this chapter, we developed mmeeffapproach for the
production of MA and other manzamine alkaloids that enable kilo gcate purification. This
approach was based on the acid-base treatment of the acett@ut @ the Indonesian sponge
Acanthostrongylophora sp., which precipitated the alkaloids. Using this approach and
following the isolation scheme (Scheme 1.4, page 42), we purifiedy XdMA. We envisioned
the presence of some minor manzamine-related alkaloids fromatttefrs that eluted after 8-
hydroxymanzamine A (using LCMS analysis). Although our majorastevas to obtain enough
MA for SAR studies, we felt that purifying the minor metabalitad elucidating their structures
could add value to SAR. Herein, we describe the purification andsteuelucidation of two

minor new manzamine-related alkalokland3.

N-oxide manzamine J (5) 6 7



Results and discussion:

The sponge,Acanthostrongylophora sp., was collected from Indonesia and successively
extracted with acetone. The crude acetone extract was sdbjestdo an acid-base process to
obtain the total alkaloid content. Using the general isolatiomsel{&cheme II.4, page 42) and
further purification of the more polar fractions led to the isofaof the known manzamines:
manzamine AX),'? 8-hydroxymanzamine Adj,** manzamine B3 12,34-oxamanzamine B)(*
31-keto-12,34-oxa-32,33-dihydroircinal &)(°® along with two new manzamine-related analogs,

acantholactone?j and 2,21,28-trioxomanzaming3).

Compound2 was obtained as a pale yellow powder from DCM, and it was |esl/éa have a
molecular formula of GHa3N4O4 by HRESIMS (Wz 595.3416 (M+HY) combined with'H- and
3C-NMR data (Table 11.4). ThtH-NMR resonances &t8.28 (1H, d,J=5.2), 8.04 (1H, dJ=5.2
Hz), 7.73 (1H, dJ=7.5 Hz), 7.17 (1H, tJ=8.0 Hz), and 7.09 (1H, d=7.2 Hz) combined with
13C-NMR resonances at 136.91, 121.70, 116.46, 113.66, and 113.43 confirmed the presence of
an 1,8-disubstituted3-carboline moiety with a hydroxy group at C-8 (144.42). HMBC
correlations of H-118y 6.09,0¢ 121.44) to C-12 (83.62), C-26 (70.88), C-10 (140.21), and C-24
(43.99) confirmed that th&-carboline moiety is coupled with the typical cyclohexene ring found
in many manzamine alkaloids. The presence of the piperidinevasgonfirmed by the HMBC
correlations of H-2638y 3.86,5¢ 70.88) to C-36 (70.75), C-25 (46.76), and C-24 (43.99). The
3C-NMR resonance at 56.65(4.69, 3.97) was assigned to C-20 which showed an HMBC
correlations with the other twa-carbons oiN-21 (C-22, 60.99; C-36, 70.75) in the piperidine
ring. The presence of the 13-membered ring in the molecule wasncedfby theH-'H-COSY

and HMBC correlations of the two olefintel-NMR resonances, H-15 5.47,5¢ 131.40) and
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H-16 ©n 5.50, ¢ 131.80). The unprecedentedactone ring was established based on the
HMBC correlations of H-343¢ 36.42) methylene resonancesddé8.04 and 2.90 to C-24y
4.07, 43.99), C-25 (46.76), and C-35 (ester carbonyl) (173.87). The downfield chemiisabf
C-12 (83.62), C-25 (46.76), C-36 (70.75), and C-26 (70.88) with the HMBC correlations
confirmed thed-lactone ring to be connected between C-12 and C-26."*h&IMR spectra
showed an additional carbonyl group which was shown to be the araitionyl at C-28 based
on the HMBC correlations of H-26( 3.86,56¢ 70.88), H-33 . 3.80, 3.58p¢ 55.78), and H-29

Oy 1.92, 1.67;0c 29.27) to the C-28 carbonyl (179.60). The relative configuration of
acantholacton@ was deduced from the detailed analysis of the NOESY specitiuenchair-
boat conformation of the piperidine and the cyclohexene rings weignedsbased on the
NOESY correlations of H-24, H-26 and H22. The new lactone ring wagnass asa-
orientation relative to the cyclohexene ring based on the NOES8¥lations of H-24/H-36. The
clear NOESY corelation between H-20 and H-33 suggested-ttenformation of the lactam

ring.

The absolute configuration of acantholactoRewas established by comparing the computed
electronic circular dichroism (ECD) spectra with experimdfigyre 11.10). As a result of
conformational analysis, six low-energy conformations were gtsterasing the Merck
Molecular Force Field (MMFF) calculations followed by the PMésempirical optimizations.
The optimized structures were then used for the hybrid densityidoat theory (DFT)
calculation at the B3LYP/6-31G(d,p) level for the gas phase andhdetonitrile (using the
Polarizable Continuum Model (PCMY).The DFT optimized structures were subsequently used
for the TDDFT excited-state calculations at the BHANDHLYP/TZVReldor the gas phase and
for acetonitrile (PCM). The obtained rotational strengths wer&Bann averaged and fitted to
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Gaussian functions with the calculated excitation energiesniolage ECD curves o2 which
were then overlaid with the experimental ECD spectrum for casgrarBased on the relative
configuration elucidated by the NMR experiments, the absolute coafign of acantholactone

(2) was thus assigned as 12S, 24R, 25R, 26R.

Averaged ECD spectra of 2

—Averaged ECD spectrum [B3LYP/6-31g(d,p)// BHANDHLYP/TZVP in acetonitrile]

=—Experimental ECD spectrum (in acetonitrile)

200 220 240 260 280 300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 11.9. Computed ECD curve (in acetonitrile) overlaid with the experialeBECD

spectrum of.
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The molecular formula of compour8lwas determined aszg4sN4O4 from HRESIMS (Wz
597.4256 (M+HJ) and NMR analysis. Th&H- & *C-NMR spectra of3 revealed a classical
manzamine skeleton with a substitufiedarboline moiety at C-1'I-NMR: 8.18, 1H, dJ=5.4;

7.95, 1H, dJ=8.1; 7.64, 1H, dJ=5.4; 7.40,1H, tJ=8.0; 7.13,1H, tJ=7.9; 7.13, 1H, dJ=8.0.
¥C-NMR: 140.80, 139.39, 139.13, 137.03, 133.53, 129.43, 127.36, 120.76, 118.54, 112.47,
110.41) and a%3hydroxy group at C-12 (72.99) and was similar to thod¢-okide manzamine

J. The absence of the C-28 methylene resonance ffiGHeMR and the HMBC correlation of
H-26 (¢ 65.66,04 4.42) to the carbonyl resonance at 174.97 suggested that C-28 wasdxidiz
to form the amide functionalityH-'‘H COSY and HMBC correlations of the olefinic resonances,
(0n 6.33, 6¢c 148.97)and 0Oy 5.85 o¢c 120.11), as well as the absence of the C-34 methine
resonance in th&’C-NMR supported the opening of the eight-membered ring. JBeN\MR
spectra of compoun® showed only one oxygenated carbon resonance at 72.99 that was
attributed for C-12 (bearing th€ Bydroxy group) and a carbonyl carbon (C-28, 174.97). Based
on that, the remaining two oxygen atoms (from molecular formsi@uld be attached to
nitrogen atoms. One oxygen is attachedl4® of thep-carboline moiety (NMR matches wili+

oxide manzamine J) and the other oxygen should be attache@loThe chemical shifts of C-

20 (52.27) and C-22 (48.42) are similar to those published for 2,21-dioxormiapzam’
Compound3 was purified from the polar fractions of the total alkaloidsasttand was found to

lack the typical fluorescence on Si 60 TLC (365 nm).
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Table I1.4. *H, *C NMR and 2D data of compourdand3 (8 in ppm,J in Hz)?

Acantholactone2)® 2,21,28-trioxomanzamine 3){
Positi
OSTHON 13 NMR T THANMR HMBC COSY  NOESY BC.NMR H-NMR cosy
1 147.52 s - - - 140.80 s - -
3 136.91d 8.28d,5.2 3,4a, 10 4 4,6,7,11, 137.03d 8.18d,5.4 4
15, 16

4 116.46 d 8.04d,5.2 3,4a 3 3,6,7, 11 112.47d 7.64d,5.4 3

4a 131.21s - - - 129.43 s - -

4b 130.96 s - - - 133.53 s - -

5 113.43d 7.73d,75 4b, 6,7 6 6,7, 11 126.76 7.95d, 8.1 6

6 121.70d 7.17t,8.0 8a, 8b 5 5,11, 15,|16 ua.5 7.131,8 57

7 113.66 d 7.07d,7.2 58,9 6 5,11, 15,|16 3Rd. 7.40t, 8 6,8

8 144.42 s - - - 110.41d 7.13d,7.9 7

8a 121.92s - - - 139.39s - -

9b 132.23 s - - - 139.13 s - -

10 140.21s - - - 144.34 s - -

11 121.44d 6.09, s 10, 12, 24, - 3,4,5,6,7, 138.05d 6.55 s, -

26 24, 26

12 83.62s - - 72.99 s - -

13 39.15t 2.94m, 257 26 14 42.36t 3.87m, 3.514d, 13,14
m 7.7

14 28.70t 1.91m, 1.81 13,15 25.01t 1.73m, 1.89 m 13, 14,
m 15

15 131.40d 5.47,dd, 9.5. 14,16 14, 16 26, 24, 17, 131.06 d 5.47 dd, 10.1, 13,16
4.8 16 5.1

16 131.80d 5.50m 15, 17 26,24,17, 127.00d 557m 15, 17

15

17 2552t 1.77 m, 1.65 16 16, 17a 16, 15 20.62 t 2.38m, 2.17m 16, 18
m

18 27.46t 2.47m, 2.26 26.85t 1.49m,1.32m 17,19
m

19 23.01t 1.91m, 174 23.39t 1.75m,1.43 m
m

20 56.61t 4.69 d, 14, 19, 18 204, 19 52.27t 262m,252d, 19,20

3.97m
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21

22

23

24

25

26

28

29

30

31

32

33

34

35

36

60.99 t

30.54 t

43.99d

46.76 s

70.88d

179.60 s

29.27t

24.04t

26.10t

23.60t

55.78 t

36.42t

173.87 s

70.75t

4.55 m, 3.57
m

217m, 151
m

4.07,d,4.1

3.86, s

1.92m, 1.67
m

1.87m, 1.64
m

1.76 m, 1.62
m
1.91m,1.74
m
3.80d,12,
3.58m
3.04 d, 18,
2.90d, 18

3.77m, 3.49
m

36, 23, 20

24

12, 22, 25,
26

12, 13, 24,
33, 36

28

26, 28, 32

24, 26, 35

12, 22, 25,
26,34

23

22,24

23

32

36

34, 16, 15,
11

26, 24

48.42 t

3259t

39.60d

46.06 s

65.66 d

174.97

33.08t

22.83t

2161t

148.97 d

120.11d

29.84 t

41.43 1t

64.53 t

9.7,2

278m,1.97m 22,23

2.28dd, 11.2, 22,24

6.0,1.60m
2.28m 23
4.42d,16.1 -
221m,159m 29,30

1.87m, 1.47m 31

237Tm,2.17m 31,32
6.33m 31, 32,
33

5.85dd, 10.1, 32, 34
5.1

143 m,1.32m 33,25

2.17m,1.94m 34

268m,2.05d, -
10.7

2 400 MHz for'H and 100 MHz fo*C-NMR. Carbon multiplicities were determined by DEPT

experiments. s=C, d=CH, t=GH NMR obtained irds-acetone® NMR obtained in CDGlI
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Experimental:

Fractions (98-120) collected from the large scale purificatidiA (Scheme 11.4, page 42),
that came after the elution of manzamine F, were combined andtsdbjeca Si gel vacuum
liquid chromatography and eluted in order withexane:acetone:# 85:15:1, 75:25:1, 60:40,1
then 100% of acetone. The column was then washed with methanol and the H0fe ac
fraction was combined with the methanol washing fraction. Furthéigation was carried out
on a Phenomenex Luna C8 250x10 mpanS_una reverse-phase HPLC column using gradient
MeOH (0.1% TFA)/water (0.1% TFA) with flow rate of 6 mLfmio gave acantholactong) (

and compoun@
Acantholactone (2): 4 mg; yellow powder (DCM);[«} 31.6 ¢ 0.045, MeOH); UV
(MeOH) Amax 352, 292, 255, 234 nm; CD (GEIN) Amax 306 nm fe +0.0084), 274 nmAg -

0.0047), 244 nmag -0.0065), 230 nm4g -0.0075); NMR data, see Table 1.4.; HRESIM®%

595.3416 (calcd for §HaaN4Os, (M+H)* 595.3498).
2,21,28-trioxomanzamine J (3)5 mg; [« 5 16.2 € 0.025, MeOH); UV (MeOHRnax 346,

292, 230 nm; NMR data, see Table Il.4.; HRESIMfx 597.4256 (calcd for £H45N4O4,

(M+H)* 597.4265).
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Figure 11.11. *C-NMR spectra of acantholactor® (in d6-acetone at 400 MHz.
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Figure 11.12. **DEPT-NMR spectra of acantholactor® in d6-acetone at 400 MHz.
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Figure 11.13. *H-'H COSY experiment of acantholactor® i d6-acetone at 400 MHz.
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Figure 11.14. HMQC experiment of acantholactory) (n dé-acetone at 400 MHz.
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Figure 11.17. Key 2D-correlations of acantholactori. (
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Figure 11.18. 3D structure of the most stable conformer of acantholac@ngith the key

NOESY correlations and the distance between the hydrogen atoms.
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Figure 11.19. *H-NMR spectra of compour@lin CDCk at 400 MHz.
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ABSTRACT: Twenty manzamine amides were synthesized and evaluated fortron vi
antimalarial and antimicrobial activities. The amides of mamzam (1) showed significantly
reduced cytotoxicity against Vero cells, although were legeathanl. The structure activity
analysis showed that linear, short alkyl groups adjacent to theeeararbonyl at position 8 are
favored for antimalarial activity, while bulky and cyclic grougsposition 6 provided the most
active amides. Most of the amides showed potent activity agdiytsbacterium intracellulare.
The antimicrobial activity profile for position 8 series wasnifr to that for the antimalarial
activity profile, in which linear, slightly short alkyl groups ahat to the amide carbonyl
showed improved activity. Two amidéd and21, which showed potent antimalarial activity in
vitro againstPlasmodium falciparum were further evaluated in vivo iRlasmodium berghei
infected mice. Oral administration @# and21 at the dose of 30 mg/kg (once daily for three

days) caused parasitemia suppression of 24% and 62%, respectively, with no appargnt toxi
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Introduction:

By the time resistance to chloroquine has spread around the worlda thieigexpensive
and available antimalarial drugs had endfethis in addition to the fact that artemisinins are the
only first-line antimalarial drugs that are still effecti@gainst all chloroquine-resistance malaria
parasites has driven the scientific community and funding agetociegest additional time and
resources for the development of new antimalarial drugs. Mattiti causes more than one
million deaths every yedf.The process of drug discovery includes three major stages:détTar
identification and high throughput screening of small molecules &) ldentification and
optimization, and 3) preclinical and clinical studfésNature has served as the mine for
structurally diverse small molecules utilized for target idmatiion for human diseases. Over
63% of small molecules reported between 1981 and 2006 are eitheal,natural product
derived or inspired from natural compourfd$danzamine alkaloids (Figure 11.24) represents a
unique class of natural products that have shown a diverse range diviiieac including

12,53

|,4090-5132 gntiparasitié? cytotoxicity*>® antiinflammatory’**° pesticidia

antimicrobia 39 and
was shown to possess activity against HIV-1 and AIDS opportunisgctiofis>® They are
particularly attractive candidates for optimization for the @nof infectious disease$.The
first representative of this family is manzaminel}i6olated in 1986 by Hig&. This family has
the unique structural feature of having complex polycyclic ringesys coupled with &-
carboline moiety. Manzamine A)(and its 8-hydroxy derivative?), showed the most promising
antimalarial activity within this class of compounds. Both showepdroved potency against
malaria parasite in vitro and in vivaver the clinically used drugs chloroquine and artemisihin.

Oral treatment ofl (2x100 pmol/kg) and2 (2x100 pmol/kg) showed 90% reduction in

parasitemia. Mice treated with a single dose (50 or 100 pmobkd) or 2 also showed
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significant improvements in survival times over mice treatetl wlitoroquine or artemisinitf:*®
This data revealed significant promise for the development of thiscless of antimalarial
drugs. However, the major drawback of this class of compoundsxigty associated with
higher dosing schedules. The mechanism of actidnasf an antimalarial agent is not clear and
requires intensive SAR studies for a better understanding omth@tance of each moiety of
this complex molecule for the antimalarial activity. The fidénsive SAR study on manzamine
alkaloids was completed by our group and focused on exploring theediffenctional groups
around the molecul¥. This included reduction of the double bonds at the complex polycyclic
ring systemsN-oxidation, 9N-alkylation, 8O-alkylation in 2 and reduction of the carbonyl
group in manzamine F3). In addition, ircinal 4) was coupled with substituted tryptamines
through Pictet-Spengler cyclization. Several analogs were syndidein this study with good
antimalarial activity but without improvement in regard to cytatiyi Experimental evidence
that manzamines arrest the cell cycle in the S phase sudigassthis toxicity may be due to

DNA intercalation by the plandi-carboline moiety. However, no significant modifications of

theB-carboline moiety were completed until this study.

Manzamine A (1): R=H .
8-Hydroxymanzamine A (2): R=OH Manzamine F (3) Ircinal A (4)

Figure 11.24. Manzamine alkaloids.

76



In this study, we focused our modification on flkearboline moiety ofl as an extension
to the previous study for lead optimization as antimalarial agementy amides oflL which
differ at C-6 and C-8 in th@-carboline moiety have been synthesized. These amides were
evaluated for in vitro and in vivo antimalarial activity in additionimovitro antimicrobial
activity.

Results and discussioh
Chemistry:

Manzamine A 1) in addition to2, 3, and4 were purified from the Indonesian sponge
Acanthostrongylophora $p. through an optimized isolation proceddr€-6 and C-8 of the-
carboline moiety inl could be chemically modified via electrophilic aromatic substituti
reactions, due to the activation by the secondary amine functiomatite indole part of th@-
carboline moiety. We began our modifications by nitrating the benzegeft the 3-carboline
moiety with NaNQ in the presence of TFA (Scheme II.1). This yielded two nitowpets, 6-
nitromanzamine A3-a), and 8-nitromanzamine A4b). Stability of these two nitromanzamine
A products, and the feasibility of converting the nitro group intceckfiit functional groups were
the main reasons for selecting nitromanzamines as a key ettiates for synthesizing C-6 and
C-8 analogs. Large-scale nitration oeind purification of the nitro produc8a,b were carried
out to provide starting material for additional analogs. Both nitro ptsduere reduced to the
corresponding 6- and 8-aminomanzamine4a, ) in almost complete conversion (by LCMS).
However, low yields of amines were recovered owing to theirbiigya even as a hydrochloric
salts. In addition, aminomanzamines were unstable in solution, espegidhe presence of
chloroform or dichloromethane. This lack of stability created challengegand to yields of the

amidation reaction. Adding to the challenge is the conjugatidntivet remaining two nitrogens
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of the B-carboline which appears to produce a highly basic amine afterticdwé the nitro

group.

(1) (3-a) (3-b)

46% 43%
Scheme I1.1 Nitration of manzamine A.

Amidation of aminomanzamines at C-6 and C-8 was carried owdryimg the amines
with a slight excess of different acyl chlorides in the preseof the catalyst DMAP, and the
base triethylamine at room temperature in dry THF undergatratmosphere (Scheme I1.2).
Twenty amides were synthesized with yields ranging betweenrl7¥®2 (Table 1.5). The

structures of amidomanzamine A derivatives were confirmed by 1D & 2D-NME®scopy.
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HIIIII N

| ~12-17 % yield
(3a,b (4 a,b) -24)

Reagents and conditions (a) Zn, HOAc/MeOH (5 %), rt, 10 min. (b) 1 equiv. (0.1MQHMeICI. (c)
1.2 eqvui. RCOCI, 1 equiv. i, cat. DMAP, THF, rt, 1 h.

Scheme 11.2.General procedure for amidation of manzamine

In vitro Antimalarial activity:

All amides were evaluated in vitro for antimalarial acyiaigainst chloroquine sensitive (D6,
Sierra Leone) and resistant (W2, IndoChina) clong’asmodium falciparum. In addition they
were tested for cytotoxicity on normal African green monkey kidinepblast cells (Vero)
(Table 11.6). Manzamine Alj showed the highest activity with ansiof 8.0 nM (D6 clone) and
11 nM (W2 clone). This activity is more potent than the standard alatials chloroquine and
artemisinin (IGovalues of 50 and 46 nM, respectively, against the D6 clone). Manz#niibe
has a TG of 365 nM against Vero cells, providing therapeutic indexes of 44 (D6)chone25
(W2 clone)® All amides showed similar antimalarial activity againg& &nd W2 clones of.
falciparum. Introduction of acetamido functionality at C-B5 reduced the antimalarial activity
to an IGo of 182 nM against D6 clone. Increasing the length of the allogdadjacent to the
amide carbonyl (2, 3, 4, 5 and 7 carbonsy, (17, 19, 21 and 22) in C-8 series showed
improvement in in vitro antimalarial activity with égvalues of 123, 35, 53, 32, and 55 nM,

respectively, against D6 clone. Branched alkyl groups adjacent tortige carbonyl were not
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favored at C-8. For example, 8-isobutamidomanzamint8Aghowed reduced activity with ¢
values of 158 and 205 nM, against D6 and W2 clones, respectively. Thisatiger¢éo 8n-
butamidomanzamine ALY, 35 nM against D6), which has the same number of carbon atoms as
an acyclic group. Similar results were obtained when adding bglieeps such asbutyl either
directly attached to the amide carbon®0(1C50=170 & 232 nM against D6 and W2 clones,
respectively) or separated by one carbon astibu@ylacetamidomanzamine &3, 1IC55=139 &
127 nM against D6 and W2 clones, respectively). Furthermore, addirgdchexyl group as in
8-cyclohexamidomanzamine R4) markedly diminished antimalarial activity @&950 & 995
nM against D6 and W2 clones, respectively). This data suggestelttately short linear alkyl
groups (2-7 carbons) attached to the amide carbonyl at C-Brefiexred over branched and
bulky groups for antimalarial activity.

Antimalarial activity profile for C-6 amides was opposite twtt of C-8 amides.
Acetamido group at C-6 drastically eliminated antimalaaizlvity (5, 1C5,=1288 & 1982 nM
against D6 and W2 clones, respectively). Increasing the numbertbohsaattached to the amide
carbonyl (2, 3, 4, 5 and 7 carbon6) 7, 9, 11, and 12 also resulted in similar reduction in the
antimalarial activity with 1G, values of 1162, 1152, 1235, 680 and 696 nM against D6,
respectively. The amide with an isopropyl group attached to tideararbonyl8 also showed
reduced antimalarial activity (kg of 1105 & 1547 nM against D6 and W2 clones, respectively).
Addition of at-butyl group at C-6 slightly improved the activity as in 6-pivaldomanzamine A
(20) and 6t-butylacetamidomanzamine AJ) with ICs values of 231 and 211 nM against D6,
compared to the linear alkyl groups. 6-Cyclohexamidomanzaminé&4p showed the best

antimalarial activity among the C-6 amides with ay#34 nM against D6 clone. This data
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suggests that bulky groups at C-6 are preferred for antirladativity. It was interesting to note
that all the amides did not show cytotoxicity to Vero cells.
In vivo Antimalarial activity:

With the objective of finding the analogs with reduced toxicity eqdivalent or better
antimalarial activity relative to manzamine A, the two mogbtent amides, 6-
cyclohexamidomanzamine A4, ICsp = 34 nM) and 8-hexamidomanzamine AL, IC5p = 32
nM) were evaluated in vivo in Blasmodium berghei mouse malaria model. Treatment with
compounds14 and 21 through oral administration caused only moderate suppression in
parasitemia of 24% and 62%, respectively, at three doses (ahctodéhree days) of 30 mg/kg
with no apparent toxicity. These results indicated that the amidlend21 were less toxic in
vivo; however, their antimalarial potency in vivo was also comprediiass compared to
manzamine A.

In vitro Antimicrobial activity:

In vitro antimicrobial activities of amidomanzamines were investigatgainat Candida
albicans, E. coli, Pseudomonas aeruginosa, Cryptococcus neoformans, Mycobacterium
intracellulare andAspergillus fumigatus (Table 11.7).

1) Bioactivity againsM. intracellulare:

Manzamine A {) showed potent activity againkt. intracellulare with an 1G, value of 0.64
uM which is slightly more potent than ciprofloxacin, {€1.06 uM). Amides at C- 6 with linear
alkyl groups §, 6, 7, 9and11) showed significantly reduced activity agaihtintracellulare
with ICso values of 9.91 5.65, 4.74, 2.32 and 15}, respectively. Similar results were
obtained when adding branched acyclic alkyl groups such as isof&p{k, = 3.16 uM). 6-

Cyclohexamidomanzamine Al4) and 6-pivalamidomanzamine AL() showed improved
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activities within the C-6 amides with dgvalues of 1.26 and 1.54M, respectively. These
results indicate that amidation at C-6 is not favorable for &gtagainstM. intracellulare. C-8
analogs showed better antimycobacterial potency compared t@r@ides. The amide with
acetamido 15) and propamidol) groups at C-8 showed moderate activities with ajg'3®f
1.65 and 1.521M, respectively. 8-Butamidomanzamine AL{), 8-isobutamidomanzamine A
(18) and 8n-pentamidomanzamine A9 showed activities close to manzamine 1) énd the
control with 1G, values of 0.87, 1.03 and 0.4, respectively, while 8roctamidomanzamine
A (22) was slightly more potent than manzamines@0.51 uM). 8-n-Hexamidomanzamine A
(21) was the most potent amide with arsdGf 0.03uM, which is one order of magnitude more
potent than the control as well AsMarked loss of activity in 8-cyclohexamidomanzamine A
(24, 1C50=11.14uM) suggested that linear acyclic alkyl groups as amide ifumatity at C-8 are
more favorable than bulkier groups, which is similar to the agtiprbfile for antimalarial
activity.
2) Bioactivity againsCryptococcus neoformans:
All the amides were screened for anticryptococcal activity ag@nyptococcus neofor mans.
The amides were either not acti¥el3 and24) or showed lower activity comparedlo
(IC50=1.85uM). All amides were not active agairSandida albicans, E. coli and P.
aeruginosa.
Conclusion:

In conclusion, 20 manzamine amide24 have been synthesized and were screened in
vitro for antimalarial and antibacterial activities. Amidat@nC-6 and C-8 was a good choice
for eliminating toxicity associated with manzamine A, sindeaatides $-24) did not show

cytotoxicities on Vero cells. In general, the amides weredege tharl. Some amides such as
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(14, 17 and21) showed the best antimalarial activities among the amidesserth 1G, values

of 34, 34, and 32 nM againgllasmodium falciparum, respectively. Our structure activity
relationship study showed that linear, short alkyl groups adjacehetamide carbonyl at C-8
are favored for antimalarial activity, while bulky and cydioups at C-6 appear to be the best
choice for achieving better activity. Two of the most activedasiil4 and21, were evaluated in
vivo in a Plasmodium berghe mouse malaria model. Oral administrationldfand 21 at the
dose of 30 mg/kg (once daily for three days) caused paragitippression of 24% and 62%,
respectively, with no apparent toxicity.

Most of the amides showed potent activity agaMsintracellulare. The activity profile
for the C-8 series was similar to that for the antimdlactvity profile, in which linear, slightly
short alkyl groups adjacent to the amide carbonyl showed improvedityactB-n-
Hexamidomanzamine A2{) was the most potent amide with an,d©f 0.03uM which is one
order of magnitude more potent than the control. The poten@t afainstM. intracellulare
will encourage us to continue investigating this amide in aninta.analogsh-14 were less
potent than those at C-8 agaihtintracellulare. 6-Cyclohexamidomanzamine A4) and10
showed improved activities within C-6 series with agylGf 1.48 and 1.31M, respectively,
which was similar to the activity profile of antimalarial activioy -6 amides.

Experimental section:

General Experimental Procedures The'H- and**C-NMR spectra were recorded in CR®F
d6-acetone on a Bruker DRX NMR spectrometer operating at 400 fiotH and 100 MHz for
13C. Chemical shiftd) values are expressed in parts per million (ppm) and arenefst to the
residual solvent signals of CD{br d6-acetoneUV and IR spectra were respectively obtained

using a Perkin-ElImer Lambda 3B UV/VIS spectrophotometer and ANl Mattson Genesis
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series FTIR instrument. Optical rotations were measured aithASCO DIP-310 digital
polarimeter. The high resolution ESI-MS spectra were medsuseng a Bruker Daltonic
(GmbH, Germany) micro-TOF series with electrospray iommmaflTLC analysis was carried out
on precoated silica gel G254 aluminum plates.

Nitration of manzamine A: manzamine A (1) (5 g, 9.12 mmol) was dissolved in TFA (133 ml.
1.79 mmol), and kept at @« with stirring for 30 minutes. Sodium nitrite (1 g, 14.5 mmol) was
added in one portion and allowed to stir &00for an additional 3 hours. The reaction mixture
was poured into water and neutralized by ammonium hydroxide produpiegigitate that was
filtered and dried. The crude nitro products of manzamine A (4.5@® Wwaded onto a column
packed with 450 g of silica gel. 6-Nitromanzamine3®&)(eluted first using 99:1 DCM:MeOH
followed by 8-nitromanzamine A3D) after the mobile phase polarity was increased with 95:5
DCM:MeOH.

6-Nitromanzamine A (3a): (2.50 g, 46%); yellow powderH-NMR (CDCk) & 9.04 (1H, d,
J=2.0 Hz), 8.50 (1H, dJ=5.2 Hz) , 8.40 (1H, dd}=9.2, 2.0 Hz), 7.89 (1H, d=5.2 Hz), 7.77
(1H, d,J=9.2 Hz), 6.50 (1H, s), 6.21 (1H, s), 5.62 (M), 5.42 (1K=10.8 Hz), 4.70 (br), 3.69
(s), 3.25 (1H, tJ=11.0 Hz), 2.93 (1H, dJ=9.0 Hz), 2.80~2.20 (m), 2.10~1.20 (M}C-NMR
(CDCls) 6 144.5,144.2, 142.7, 141.2, 141.1, 139.4, 135.7, 134.5, 133.2, 129.7, 127.0, 123.7,
123.5, 121.0, 118.4, 114.2, 112.9, 77.9, 71.2, 70.5, 57.6, 53.7 (2C), 49.4, 47.1, 44.9, 40.8, 39.5,
33.9, 28.7, 26.6, 26.6, 25.2, 24.8, 24.3, 20.9; HRESHS calcd for GegHaNsOz (M+H)*
594.3444, found 594.3439.

8-Nitromanzamine A (3b): (2.35 g, 43%) yellow powderH-NMR (CDCk) & 10.40 (1H, s),
8.57 (1H, d,J=5.2 Hz), 8.48 (1H, dJ=8.0 Hz), 8.45 (1H, dJ=8.1 Hz), 7.87 (1H, dJ=5.2 Hz),

7.40 (1H, t,J=8.0 Hz), 6.45 (1H, s), 5.96 (1H, m), 5.69 (1H, m), 5.55 (1H, m), 5.32 (1H, t,
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J=10.0 Hz), 4.27 (1H, br), 3.58 (1H, s), 3.11 (1H, m), 2.61 (m), 2.50~1.6 (m), 1.2°Gr)MR
(CDCls) 6 144.6, 1443.6, 142.7, 141.4, 141.2, 139.4, 135.3, 134.6, 133.2, 130.0, 127.1, 123.8,
123.7,121.1, 118.5, 114.4, 113.0, /7.8, 71.2, 70.6, 57.7, 53.7, 53.72, 53.68, 49.5, 47.1, 44.8,
40.5, 39.8, 34.1, 28.8, 26.7, 26.6, 25.3, 24.9, 24.3, 21.0; HRE8&WSalcd for GgH44Ns503
(M+H)" 594.3444, found 594.3439.

Reduction of nitromanzamines: 6-nitromanzamine A3) or 8-nitromanzamine A4 (118.6
mg, 0.21 mmol) were dissolved in methanol (5 mL). Zinc (50.0 mg) anch&Stic acid in
methanol (5 mL) were added to the nitromanzamines solution, and th®meaixture was
stirred for 10 min at room temperature. After complete conversidhe nitro products into the
corresponding amine (monitored by TLC), conc. HCI was added drog tilisno further
precipitate was formed. The precipitate was collectedilbgtion and used for the following
reactions without further purification.

General preparation of the amide products.6-Aminomanzamine A or 8-aminomanzamine A
(2100 mg, 0.17 mmol) and catalytic amount of DMAP were dissolved ipdaobhs THF (3 mL)
under nitrogen atmosphere.s;®t(25 ulL, 0.17 mmol) was then added, and the mixture was
stirred at room temperature for 10 minutes. The desired aciddghlas added in excess, and
the reaction mixture was stirred for 1 h. The completion of theiosawas monitored by TLC,
then the reaction was quenched with water, and the product(s) xeaeted by DCM (3x10
mL). The organic layer was dried over anhydrous sodium sulfatktren evaporated under
reduced pressure. The crude amide derivatives were first gourifiy silica column
chromatography usingr-hexane:acetone (9:1). Further purification was carried out on a

Phenomenex Luna C8 250x10 mnynd Luna reverse-phase HPLC column using gradient
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CHsCN (0.1% TFA)/water (0.1% TFA) with flow rate of 6 mL/min gave the pure amide

derivative.
6-Acetamidomanzamine A (5):(15 mg, 14%);[« [ 12.9 € 0.11, MeOH); UVAmax (MeOH)

260, 310, 375 nm; IR: 3232 (br), 2935, 2580, 1978, 1703, 1665,1538, 1470, 1437, 1365, 1290,
1178, 1130, 1018 ci'H-NMR (CDCk) 6 11.32 (1H, s), 8.65 (1H, s), 8.50 (1H, s), 8.32 (1H, d,
J=7.6 Hz), 7.79 (1H, d}=7.5 Hz), 7.66 (1H, dJ=7.6 Hz), 7.36 (1H, dJ=7.6 Hz), 6.64 (1H, s),

6.28 (1H, m), 5.57 (1H, m), 5.42 (1H,J54.0 Hz), 4.96 (1H, J=8.1 Hz), 4.04 (1H, dd]=16.1,

8.0 Hz), 3.7 (1H, s), 3.37 (1H, =12.1 Hz), 3.04 (1H, dJ=8.1 Hz), 2.95 (m), 2.77 (m), 2.61

(m), 2.43 (m), 2.31 (m), 2.26 (m) 2.08 (s), 2.03 (m), 1.96 (m), 1.74 (m), 1.48°@ANMR

(CDCls) 6 175.04, 166.03, 143.57, 142.05, 141.99, 138.60, 135.78, 134.48, 133.85, 133.42,
130.20, 128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32,
47.07, 44.82, 31.21, 39.16, 33.62, 28.45, 26.52, 26.36, 24.99, 24.58, 24.32, 23.97, 20.73;
HRESIMSmz calcd for GgHoNsO2 (M+H)* 606.3743, found 606.3784.

6-n-Propamidomanzamine A (6):(16 mg, 14%){« 2 17.1 € 0.15, MeOH);'H-NMR (CDCl)

6 11.33 (1H, s), 8.66 (1H, s), 8.50 (1H, s), 8.31 (1H,6 Hz), 7.80 (1H, d)=7.5 Hz), 7.67

(1H, d,J=7.6 Hz), 7.35 (1H, dJ=7.6 Hz), 6.64 (1H, s), 6.29 (1H, m), 5.56 (1H, m), 5.43 (1H, t,
J=4.2 Hz), 4.96 (1H, tJ=8.0 Hz), 4.04 (1H, ddJ=16.1, 8.0 Hz), 3.69 (1H, s), 3.37 (1H, t,
J=12.1 Hz), 3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (m), 2.61 (m), 2.43 (M), 2.41 (2HI=q,2

Hz), 2.31 (m), 2.26 (m), 2.03 (m), 1.96 (m), 1.74 (m), 1.48 (m), 1.14 (3H712 Hz);"*C-NMR

(CDCl) ¢ 175.04, 166.03, 143.57, 142.05, 141.99, 138.60, 135.78, 134.48, 133.85, 133.42,
130.20, 128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32,
47.07, 44.82, 31.21, 39.16, 33.62, 30.36, 28.45, 26.52, 26.36, 24.99, 24.58, 24.32, 20.73, 9.86;

HRESIMSmz calcd for GgHsoNsO, (M+H)" 620.3936, found 620.3942.
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6-n-Butamidomanzamine A (7):(16 mg, 14%);[« 5 11.9 € 0.11, MeOH);"H-NMR (CDClk)

0 11.25 (1H, s), 8.70 (1H, s), 8.50 (1H, s), 8.30 (1HI=d,6 Hz), 7.75 (1H, d}=7.5 Hz), 7.66

(1H, d,J=7.6 Hz), 7.36 (1H, d}=7.6 Hz), 6.62 (1H, s), 6.25 (1H, m), 5.54 (1H, m), 5.39 (1H, t,
J=4.0 Hz), 4.92 (1H, 1J=8.0 Hz), 4.00 (1H, ddJ=16.1, 8.0 Hz), 3.66 (1H, s), 3.37 (1H, t,
J=12.0 Hz), 3.04 (1H, d}=8.1 Hz), 2.95 (m), 2.77 (M), 2.61 (m), 2.43 (M), 2.37 (2H=T.0

Hz), 2.31 (m), 2.26 (m), 2.03 (M), 1.96 (M), 1.74 (M), 1.48 (m), 1.00 (3H71L Hz);"*C-NMR

(CDClg) 0 171.45, 166.03, 143.69, 141.99, 141.16, 138.32, 137.62, 134.48, 133.85, 133.42,
130.20, 128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32,
47.07, 44.82, 40.09, 31.21, 39.16, 33.62, 30.36, 26.52, 26.36, 24.99, 24.58, 24.32, 20.73, 19.72,
14.52; HRESIMSWz calcd for GoHsoNsO, (M+H)" 634.4129, found 634.4425.
6-Isobutamidomanzamine A (8):(14 mg, 12%)Ja % 20.5 € 0.21, MeOH);"H-NMR (CDClk)

0 11.41 (1H, s), 8.57 (1H, s), 8.50 (1H, s), 8.30 (1HI=d,6 Hz), 7.80 (1H, d}=7.5 Hz), 7.69

(1H, d,J=7.6 Hz), 7.35 (1H, d}=7.6 Hz), 6.59 (1H, s), 6.30 (1H, m), 5.57 (1H, m), 5.42 (1H, t,
J=4.0 Hz), 4.96 (1H, t)=8.1 Hz), 4.04 (1H, dd]=16.1, 8.0 Hz), 3.7 (1H, s), 3.37 (1H,)£12.0

Hz), 3.04 (1H, dJ=8.1 Hz), 2.95 (m), 2.77 (M), 2.61 (m), 2.43 (M), 2.63 (M), 2.31 (M), 2.26 (M),
2.03 (m), 1.96 (m), 1.74 (m), 1.48 (m), 1.29 (6HJd7.2 Hz);**C-NMR (CDC}) ¢ 175.04,

166.03, 143.57, 142.05, 141.99, 138.60, 135.78, 134.48, 133.85, 133.42, 130.20, 128.08, 125.35,
122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07, 44.82, 40.9,
31.21, 39.16, 35.64, 33.62, 26.52, 26.36, 24.99, 24.58, 24.32, 20.73, 20.06, 19.86; HRESIMS
mvz calcd for GoHsoNsO, (M+H)™ 634.4129, found 634.4045.

6-n-Pentamidomanzamine A (9):(15 mg,13%)]a [ 9.9 € 0.15, MeOH);"H-NMR (CDCk) ¢

11.32 (1H, s), 8.65 (1H, s), 8.50 (1H, s), 8.32 (1HJ=¥.6 Hz), 7.79 (1H, dJ=7.5 Hz), 7.66

(1H, d,J=7.6 Hz), 7.36 (1H, d)=7.6 Hz), 6.64 (1H, s), 6.28 (1H, m), 5.57 (1H, m), 5.42 (1H, t,
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J=4.1 Hz), 4.96 (1H, 1)=8.0 Hz), 4.04 (1H, dd}=16.0, 8.1 Hz), 3.7 (1H, s), 3.37 (1HJ£12.1

Hz), 3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (m), 2.61 (M), 2.43 (M), 2.39 (2H=1.2 Hz), 2.31

(m), 2.26 (m), 2.03 (m), 1.96 (m), 1.74 (m), 1.48 (m), 0.99 (3B:%,1 Hz);**C-NMR (CDCEk)

0o 175.04, 166.03, 143.57, 142.05, 141.99, 138.60, 135.78, 134.48, 133.85, 133.42, 130.20,
128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07,
44.82, 31.21, 39.16, 37.47, 27.83, 33.62, 30.36, 29.68, 26.52, 26.36, 24.99, 24.58, 24.32, 22.44,
20.87, 13.84; HRESIM®&vVz calcd for GiHs4NsO» (M+H)* 648.4277, found 648.4550.
6-Pivalamidomanzamine A (10):(14 mg, 12%);[« |2 31.6 € 0.21, MeOH);"H-NMR (CDCl)

0 11.32 (1H, s), 8.65 (1H, s), 8.50 (1H, s), 8.32 (1HI=d.6 Hz), 7.79 (1H, d}=7.5 Hz), 7.66

(1H, d,J=7.6 Hz), 7.36 (1H, d}=7.6 Hz), 6.64 (1H, s), 6.28 (1H, m), 5.57 (1H, m), 5.42 (1H, t,
J=4.0 Hz), 4.96 (1H, 1)=8.1 Hz), 4.04 (1H, dd}=16.0, 8.0 Hz), 3.7 (1H, s), 3.37 (1HJ£12.1

Hz), 3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (m), 2.61 (M), 2.43 (M), 2.31 (M), 2.26 (M), 2.03 (M),
1.96 (M), 1.74 (m), 1.49 (9H, s), 1.48 (M3C-NMR (CDCE) o 175.04, 166.03, 143.57, 142.05,
141.99, 138.60, 135.78, 134.48, 133.85, 133.42, 130.20, 128.08, 125.35, 122.38, 122.12, 114.63,
112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07, 44.82, 39.31, 39.16, 33.62, 29.69, 28.45,
26.52, 26.36, 24.99, 24.58, 24.32, 20.73; HRESIM& calcd for GiHssNsO» (M+H)*
648.4277, found 648.4550.

6-n-Hexamidomanzamine A (11): (17 mg, 14%);[«]® 36.1 € 0.25, MeOH); 'H-NMR

(CDCl) 6 11.32 (1H, s), 8.65 (1H, s), 8.50 (1H, s), 8.32 (1HI-d.6 Hz), 7.79 (1H, d)=7.5

Hz), 7.66 (1H, dJ=7.6 Hz), 7.36 (1H, dJ=7.6 Hz), 6.64 (1H, s), 6.28 (1H, m), 5.57 (1H, m),

5.42 (1H, t,J=4.0 Hz), 4.96 (1H, t}=8.1 Hz), 4.04 (1H, dd}=16.0, 8.0 Hz), 3.7 (1H, s), 3.37

(1H, t, J=12.1 Hz), 3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (m), 2.61 (m), 2.43 (M), 2.56 (2H, t,

J=7.1 Hz), 2.31 (m), 2.26 (m), 2.03 (M), 1.96 (m), 1.74 (m), 1.48 (m), 0.94 (3H7.0 Hz);
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3C-NMR (CDCB) 0 175.39, 166.03, 143.57, 142.05, 141.99, 138.60, 135.78, 134.48, 133.85,
133.42, 130.20, 128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09,
53.49, 49.32, 47.07, 44.82, 31.21, 39.16, 37.47, 32.11, 29.68, 27.12, 26.78, 26.40, 25.54 25.28,
24.90, 23.05, 21.34, 14.22; HRESIM&7z calcd for GyHseNsO» (M+H)" 662.4488, found
662.4448.

6-n-Octamidomanzamine A (12):(15 mg, 12%)]« |2 25.4 €0.12, MeOH);"H-NMR (CDClk)

0 11.32 (1H, s), 8.65 (1H, s), 8.50 (1H, s), 8.32 (1HI=d,6 Hz), 7.79 (1H, d}=7.5 Hz), 7.66

(1H, d,J=7.6 Hz), 7.36 (1H, d}=7.6 Hz), 6.64 (1H, s), 6.28 (1H, m), 5.57 (1H, m), 5.42 (1H, t,
J=4.0 Hz), 4.96 (1H, 1)=8.1 Hz), 4.04 (1H, dd}=16.0, 8.1 Hz), 3.7 (1H, s), 3.37 (1HJ£12.0

Hz), 3.04 (1H, dJ=8.1 Hz), 2.95 (m), 2.77 (M), 2.61 (M), 2.43 (M), 2.46 (28,2 Hz), 2.31

(m), 2.26 (), 2.03 (M), 1.96 (m), 1.74 (m), 1.48 (m), 0.90 (3871 Hz);*C-NMR (CDCk)

0 176.14, 166.69, 143.57, 142.05, 141.99, 138.60, 135.78, 134.48, 133.85, 133.42, 130.20,
128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07,
44.82, 38.60, 37.47, 31.61, 29.68, 28.17, 26.78, 26.40, 25.54 25.28, 24.90, 22.82, 21.34, 14.47;
HRESIMSm/z calcd for G4HeoNsO2 (M+H)* 690.4732, found 690.4785.
6-(t-Butyl)-acetamidomanzamine A (13):(18 mg, 15%);[« ]2 21.5 € 0.10, MeOH);'H-NMR

(CDCl) 6 11.32 (1H, s), 8.65 (1H, s), 8.50 (1H, s), 8.32 (1HI-d.6 Hz), 7.79 (1H, d)=7.5

Hz), 7.66 (1H, dJ=7.6 Hz), 7.36 (1H, dJ=7.6 Hz), 6.64 (1H, s), 6.28 (1H, m), 5.57 (1H, m),

5.42 (1H, t,J=4.0 Hz), 4.96 (1H, t) =8.0 Hz), 4.04 (1H, dd}=16.0, 8.1 Hz), 3.7 (1H, s), 3.37

(1H, t,J=12.1 Hz), 3.04 (1H, d}=8.0 Hz), 2.95 (m), 2.77 (M), 2.61 (M), 2.43 (M), 2.24 (2H, s),
2.26 (m), 2.03 (M), 1.96 (m), 1.74 (m), 1.02 (9H, 'BC-NMR (CDCk) ¢ 175.89, 166.03,
143.51, 142.09, 142.01, 138.60, 135.78, 134.48, 133.85, 133.42, 130.20, 128.08, 125.35, 122.38,

122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07, 44.82, 39.3, 33.62,
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31.65, 29.69, 28.80, 24.99, 24.58, 24.32, 20.73; HRESW#calcd for GoHseNsO, (M+H)*
662.4425, found 662.4451.

6-Cyclohexamidomanzamine A (14)(20 mg, 17%)]= > 18.5 € 0.13, MeOH);"H-NMR (d6-
acetone) 11.33 (1H, s), 9.02 (1H, s), 8.53 (1H, s), 8.22 (1HI=d,6 Hz), 7.76 (1H, dJ =7.5

Hz), 7.56 (1H, dJ=7.6 Hz), 7.46 (1H, dJ=7.6 Hz), 6.68 (1H, s), 6.08 (1H, m), 5.51 (1H, m),

5.42 (1H, tJ=4.0 Hz), 4.77 (1H, t)=8.0 Hz), 3.84 (1H, ddJ=16.0, 8.1 Hz), 3.66 (1H, s), 3.26

(1H, t,J=12.0 Hz), 2.91 (1H, dI=8.1 Hz), 2.78 (m), 2.77 (M), 2.61 (m), 2.43 (M), 2.31 (M), 2.26
(m), 2.03 (M), 1.96 (m), 1.74 (m), 1.48 (MJC-NMR (d6-acetone)s 175.04, 166.03, 143.57,
142.05, 141.99, 138.60, 135.78, 134.48, 133.85, 133.42, 130.20, 128.08, 125.35, 122.38, 122.12,
114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07, 44.82, 39.16, 33.62, 28.45,
26.52, 26.36, 24.99, 24.58, 24.32, 23.97, 20.73; HRESWScalcd for GzHsgNsO» (M+H)*

674.4434, found 674.4464.
8-Acetamidomanzamine A (15)(14 mg, 13%);[« [ 16.2 € 0.15, MeOH); UVAnax (MeOH)

260, 310, 375 nm; IR neat: 3232, 2935, 2580, 1703, 1665, 1538, 1470, 1437, 1365, 1290, 1178,
1130, 1018 cr; *H-NMR (CDCh) § 11.37 (1H, s), 8.52 (1H, d=8.0 Hz), 8.33 (1H, d)=7.6

Hz), 7.82 (1H, dJ=7.5 Hz), 7.79 (1H, dJ=7.6 Hz), 7.23 (1H, dJ=7.6 Hz), 6.64 (1H, s), 6.28

(1H, m), 5.57 (1H, m), 5.42 (1H,3=4.0 Hz), 4.96 (1H, t)=8.0), 4.04 (1H, dd}=16.0, 8.1 Hz)

3.7 (1H, s), 3.37 (1H, t1=12.1 Hz), 3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (m), 2.61 (M), 2.43

(m), 2.31 (m), 2.26 (m) 2.08 (3H, s), 2.03 (M), 1.96 (M), 1.74 (m), 1.483@NMR (CDCk) &

174.04, 166.01, 143.27, 141.95, 141.80, 138.64, 136.00, 134.49, 133.85, 133.42, 130.20, 128.08,
125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07, 44.82,
31.21, 39.16, 33.62, 28.45, 26.52, 26.36, 24.99, 24.58, 24.32, 23.97, 20.73; HRESba%d

for C3gHagN50» (M+H)+ 606.3843, found 606.3811.
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8-n-Propamidomanzamine A (16): (15 mg, 14%);[«]? 6.1 € 0.09, MeOH); );'H-NMR

(CDCl) 6 11.38 (1H, s), 8.51 (1H, d=8.0 Hz), 8.36 (1H, dJ=7.6 Hz), 7.80 (1H, d}=7.5 Hz),

7.78 (1H, d,J=7.6 Hz), 7.26 (1H, dJ=7.6 Hz), 6.68 (LH, s), 6.29 (1H, m), 5.56 (1H, m), 5.43

(1H, t,J=4.0 Hz), 4.96 (1H, =8.1 Hz), 4.04 (1H, dd}=16.1, 8.0 Hz) 3.69 (1H, s), 3.37 (1H, t,
J=12.0 Hz), 3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (M), 2.61 (M), 2.43 (m), 2.41 (2HI=q,0

Hz), 2.31 (m), 2.26 (), 2.03 (M), 1.96 (M), 1.74 (M), 1.48 (m), 1.14 (3H71L Hz);"*C-NMR

(CDCls) 0 174.84, 166.09, 143.51, 142.25, 142.12, 138.62, 135.78, 134.48, 133.85, 133.42,
130.20, 128.08, 125.35, 122.38, 122.12, 114.63, 112.93, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32,
47.07, 44.82, 31.21, 39.16, 33.62, 30.36, 28.45, 26.52, 26.36, 24.99, 24.58, 24.32, 20.78, 10.01,
HRESIMSm/z calcd for GoHsoNsO, (M+H)* 620.3936, found 620.3981.

8-n-Butamidomanzamine A (17):(16 mg, 14%){a [ 13.2 €0.12, MeOH);'H-NMR (CDCl)

0 11.25 (1H, s), 8.70 (1H, s), 8.51 (1H,J8.2 Hz), 8.36 (1H, dJ=7.6 Hz), 7.80 (1H, dJ=7.5

Hz), 7.78 (1H, dJ=7.6 Hz), 7.26 (1H, dJ=7.6 Hz), 6.62 (1H, s), 6.25 (1H, m), 5.54 (1H, m),

5.39 (1H, t,J=4.0 Hz), 4.92 (1H, t}=8.0 Hz), 4.00 (1H, dd}=16.1, 8.0 Hz), 3.66 (1H, s), 3.37

(1H, t, J=12.0 Hz), 3.04 (1H, dJ=8.1 Hz), 2.95 (m), 2.77 (m), 2.61 (m), 2.43 (m), 2.37 (2H, t,
J=7.2 Hz), 2.31 (m), 2.26 (m), 2.03 (M), 1.96 (M), 1.74 (m), 1.48 (m), 1.00 (3H7.2 H2):
3C-NMR (CDCB) 0 173.41, 143.82, 142.97, 141.90, 138.48, 135.17, 133.45, 133.29, 132.45,
130.42, 130.01, 127.30, 125.15, 123.99, 122.87, 120.67, 116.50, 114.32, 78.41, 71.70, 70.74,
63.42, 57.67, 53.88, 49.65, 47.45, 45.03, 41.44, 39.48, 34.05, 32.26, 30.36, 27.41, 26.36, 24.99,
24.58, 24.32, 20.73, 19.76, 14.42; HRESIM& calcd for GoHsoNs0, (M+H)* 634.4011, found
634.4101.

8-Isobutamidomanzamine A (18):(16 mg, 14%);[« [’ 14.2 € 0.10, MeOH);'H-NMR (d6-

acetone) 11.41 (1H, s), 8.50 (1H, d=8.0), 8.32 (1H, dJ=8.1), 7.78 (1H, dJ=7.9), 7.77 (1H,
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d, J=7.8 Hz), 7.29 (1H, d}=7.6 Hz), 6.67 (1H, s), 6.30 (1H, m), 5.57 (1H, m), 5.42 (1B54,2

Hz), 4.96 (1H, tJ=8.1 Hz), 4.04 (1H, dd}=16.0, 8.1 Hz), 3.7 (1H, s), 3.37 (1HJ§12.1 Hz),

3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (m), 2.61 (m), 2.43 (M), 2.63 (M), 2.31 (M), 2.26 (M), 2.03
(m), 1.96 (M), 1.74 (m), 1.48 (m), 1.29 (6H, B7.2 Hz); *C-NMR (d6-acetone)s 172.35,

143.57, 142.57, 142.14, 138.19, 135.87, 133.91, 133.78, 133.04, 129.86, 128.13, 126.75, 123.60,
120.36, 116.20, 114.02, 77.97, 71.70, 70.33, 57.35, 53.50, 49.25, 47.07, 44.63, 40.9, 39.16,
35.64, 33.75, 29.68, 28.36, 25.00, 24.34, 20.74, 20.06, 19.86; HRES8Walcd for
CagHs:NsO, (M+H)* 634.4011, found 634.4095.

8-n-Pentamidomanzamine A (19): (17 mg,15%); [« 17.2 ¢ 0.16, MeOH); 'H-NMR

(CDCly) 6 11.29 (1H, s), 8.51 (1H, d=8.0 Hz), 8.34 (1H, d}=8.2 Hz), 7.80 (1H, d}=7.9 Hz),

7.77 (1H, d,J=7.8 Hz), 7.24 (1H, dJ=7.6 Hz), 6.54 (1H, s), 6.28 (1H, m), 5.57 (1H, m), 5.42

(1H, t,J=4.1 Hz), 4.96 (1H, t}=8.0 Hz), 4.04 (1H, dd}=16.1, 8.0 Hz), 3.7 (1H, s), 3.37 (1H, t,
J=12.0 Hz), 3.04 (1H, dJ=8.1 Hz), 2.95 (m), 2.77 (M), 2.61 (M), 2.43 (M), 2.39 (2H:T.1

Hz), 2.31 (m), 2.26 (m), 2.03 (m), 1.96 (m), 1.74 (m), 1.48 (m), 0.99 (3H712): *C-NMR

(CDCls) 0 172.97, 143.57, 142.60, 141.99, 138.18, 135.78, 134.88, 133.85, 133.42, 130.02,
127.22, 125.35, 123.63, 119.65, 116.18, 114.01, 78.07, 71.70, 70.40, 57.33, 53.53, 49.30, 47.07,
44,72, 41.08, 39.08, 37.07, 33.72, 31.91, 30.36, 29.68, 26.51, 26.36, 25.01, 24.59, 24.34, 22.67,
22.48, 20.75, 13.97; HRESIMS®/7z calcd for GiHs4NsO, (M+H)* 648.4277, found 648.4281.
8-Pivalamidomanzamine A (20):(15 mg, 12%)]a % 17.2 €0.11, MeOH);"H-NMR (CDCl)

9 11.40 (1H, s), 8.40 (1H, d=8.1 Hz), 8.38 (1H, d}=8.0 Hz), 7.84 (1H, d}=7.9 Hz), 7.82 (1H,

d, J=7.8 Hz), 7.24 (1H, d}=7.6 Hz), 6.78 (1H, s), 6.26 (1H, m), 5.58 (1H, m), 5.36 (1B4,0

Hz), 4.85 (1H, tJ=8.1 Hz), 4.04 (1H, dd}=16.0, 8.1 Hz), 3.67 (1H, s), 3.21 (1HJ£12.1 Hz),

3.04 (1H, dJ=8.1 Hz), 2.95 (m), 2.77 (M), 2.61 (m), 2.43 (M), 2.31 (M), 2.26 (M), 2.03 (M), 1.96
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(m), 1.74 (m), 1.49 (9H, s), 1.48 (MFC-NMR (CDCk) § 175.04, 166.03, 143.57, 142.05,
141.99, 138.27, 135.04, 134.48, 133.85, 133.86, 131.87, 127.11, 125.35, 123.99, 121.91, 116.86,
113.96, 77.23, 71.70, 70.52, 58.36, 57.11, 53.56, 49.37, 47.07, 44.59, 39.29, 38.74, 33.77, 32.76,
29.69, 28.45, 26.71, 26.36, 25.61, 24.58, 24.44, 22.68, 20.80, 14.03; HREHiMS&Icd for
CaiHsNsO, (M+H)* 648.4277, found 648.4268.

8-n-Hexamidomanzamine A (21):(16 mg, 14%);[«]? 21.1 € 0.11, MeOH);'H-NMR (d6-
acetone) 11.22 (1H, s), 8.72 (1H, d=8.0 Hz), 8.45 (1H, d}=8.0 Hz), 7.99 (1H, d}=7.9 Hz),

7.91 (1H, d,J=7.8 Hz), 7.27 (1H, dJ=7.6 Hz), 6.78 (1H, s), 6.12 (1H, m), 5.53 (1H, m), 5.16

(1H, t,J=4.0 Hz), 4.88 (1H, tJ}=8.1 Hz), 4.04 (1H, dd=16.1, 8.0 Hz) 3.79 (1H, s), 3.41 (1H, t,
J=12.0 Hz), 2.94 (1H, d}=8.0 Hz), 2.95 (m), 2.77 (M), 2.61 (M), 2.43 (M), 2.56 (2H=T.4

Hz), 2.31 (M), 2.26 (), 2.03 (M), 1.96 (M), 1.74 (m), 1.48 (m), 0.94 (3H711 Hz):"*C-NMR
(d6-acetonep 173.50, 164.75, 142.69, 142.28, 142.10, 139.23, 133.93, 132.38, 130.65, 126.01,
124.70, 123.46, 119.50, 117.24, 114.89, 77.47, 71.57, 70.07, 58.06, 53.77, 53.38, 49.61, 47.18,
44 .99, 40.87,40.26, 37.56, 34.60, 30.11, 29.73, 29.53, 28.73, 27.12, 26.78, 26.40, 25.54, 24.90,
23.05, 21.34, 14.22; HRESIM8/7z calcd for GoHseNsO, (M+H)* 662.4488, found 662.4521.
8-n-Octamidomanzamine A (22):(18 mg, 15%){a [ 19.9 €0.11, MeOH);'H-NMR (CDCl)

§11.32 (1H, s), 8.61 (1H, d=8.1 Hz), 8.52 (1H, d}=8.0 Hz), 7.87 (1H, d}=7.9 Hz), 7.84 (1H,

d, J=7.8 Hz), 7.23 (1H, d}=7.6 Hz), 6.69 (1H, s), 6.28 (1H, m), 5.57 (1H, m), 5.42 (1B4,0

Hz), 4.96 (1H, tJ=8.1 Hz), 4.04 (1H, dd}=16.1, 8.0 Hz), 3.7 (1H, s), 3.37 (1HJ§12.1 Hz),

3.04 (1H, dJ=8.0 Hz), 2.95 (m), 2.77 (M), 2.61 (M), 2.43 (M), 2.46 (2851.1 Hz), 2.31 (M),

2.26 (m), 2.03 (m), 1.96 (m), 1.74 (m), 1.48 (m), 0.90 (3H=7.1 Hz);*C-NMR (CDC}) &

173.54, 164.54, 142.87, 142.25, 142.04, 138.60, 136.12, 134.48, 133.85, 133.42, 130.20, 128.08,

125.35, 122.38, 122.12, 116.26, 114.33, 77.85, 71.70, 70.50, 57.09, 53.49, 49.32, 47.07, 44.82,
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38.60, 37.47, 31.61, 29.68, 28.17, 26.78, 26.40, 25.54 25.28, 24.94, 22.45, 21.34, 1451 ;
HRESIMSm/z calcd for G4HeoNsO, (M+H)* 690.4732, found 690.4772.
8-(t-Butyl)-acetamidomanzamine A (23):(16 mg, 14%);[«]? 25.7 € 0.12, MeOH'H-NMR

(CDCl) 6 11.32 (1H, s), 8.63 (1H, d=8.0 Hz), 8.51 (1H, d}=8.1 Hz), 7.88 (1H, d}=7.9 Hz),

7.86 (1H, d,J=7.8 Hz), 7.27 (1H, dJ=7.6 Hz), 6.71 (1H, s), 6.28 (1H, m), 5.57 (1H, m), 5.42

(1H, t,J=4.0 Hz), 4.96 (1H, 1J=8.1 Hz), 4.04 (1H, dd]=16.0, 8.1 Hz), 3.7 (1H, s), 3.37 (1H, t,

J=12 Hz).1, 3.04 (dJ=8 Hz), 2.95 (M), 2.77 (m), 2.61 (M), 2.43 (M), 2.24 (2H, s), 2.26 (M), 2.03
(m), 1.96 (m), 1.74 (m), 1.02 (9H, SFC-NMR (CDCE) 6 174.15, 164.43, 143.59, 142.41,
142.01, 138.27, 135.04, 134.48, 133.85, 132.86, 131.87, 127.11, 123.99, 122.38, 121.91, 116.86,
113.96, 77.23, 70.52, 58.35, 57.11, 53.56, 52.92, 49.37, 45.52, 44.59, 39.29, 33.77, 32.76, 29.69,
27.86, 26.71, 26.48, 25.10, 24.72, 24.44, 22.68, 20.80; HRE®WWMSalcd for GoHseNs0;

(M+H)" 662.4425, found 662.4478.

8-Cyclohexamidomanzamine A (24):(19 mg, 16%);[«[° 19.5 € 0.17, MeOH);'"H-NMR

(CDCly) 6 11.30 (s), 9.52 (s), 8.49 (1H, #8.0 Hz), 8.33 (1H, dJ=8.1 Hz), 7.79 (1H, dJ=7.9

Hz), 7.76 (1H, dJ=7.8 Hz), 7.20 (1H, dJ=7.6 Hz), 6.55 (s), 6.28 (M), 5.55 (m), 5.39 (1H, t,
J=4.0 Hz), 4.90 (1H, t)=8.0 Hz), 4.02 (1H, ddJ=16.1, 8.0 Hz), 3.72 (s), 3.26 (1H,J512.0

Hz), 2.91 (1H, dJ=8.0 Hz), 2.78 (m), 2.77 (M), 2.61 (m), 2.43 (M), 2.31 (M), 2.26 (M), 2.03 (M),
1.96 (m), 1.74 (m), 1.48 (M)2C-NMR (CDCh) § 174.12, 164.03, 143.57, 142.52, 141.99,
138.13, 134.92, 134.48, 133.85, 133.00, 130.86, 128.78, 126.79, 123.64, 120.29, 119.60, 116.05,
113.97, 77.96, 77.23, 71.70, 70.48, 58.32, 57.34, 53.54, 53.39, 49.31, 45.70, 44.78, 40.98, 39.11,
33.73, 31.90, 29.81, 29.75, 29.67, 29.33, 28.48, 26.48, 26.41, 25.68, 25.64, 25.00, 24.59, 24.28,

22.66, 20.75; HRESIM8Vz calcd for GsHseNsO, (M+H)" 674.4434, found 674.4432.
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In vitro antimalarial and antimicrobial activities: The detailed materials and methods used for
in vito antimalarial and in vitro antimicrobial assays were reporteavhbe®
In vivo antimalarial activity:

In vivo antimalarial activity of compounds was determined in migkected with
Plasmodium berghel (NK-65 strain). Male mice (Swiss Webster strain) weighi8g20 g were
intraperitoneally inoculated with 2xiQparasitized red blood cells obtained from a highly
infected donor mouse. Mice were divided into different groups with 5 mieach group. Test
compounds were prepared in DMSO: 0.1N HCI: Tween-80: PEG-400: (8a1e0.5:40:53.50)
and administered orally to the mice about 2 h after the infedbag Q). The compounds were
tested at three doses of 3.3, 10 and 30 mg/kg body weight. Thed®gtounds were
administered to the mice once a day for 3 consecutive days (PaysA control group was
treated with equal volume of vehicle and another control groupreatedl with chloroquine (10
mg/kg). The mice were closely observed after every dosarfgrapparent signs of toxicity.
Blood smears were prepared on different days (till day 28 postiori¢ by clipping the tail end,
stained with Giemsa and observed under microscope for determirtdtitre parasitemia.
Suppression in development of parasitemia was monitored on day 5 aidpday infection.
Mice without parasitemia until day 28 post infection were considasedured. Treatment of

mice with three doses of chloroquine caused 100% suppression of the epdeasit
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Table 11.5. The synthesized manzamine A amides.

Compound R Entry Yield %
6-Acetamidomanzamine A 5 14
8-Acetamidomanzamine A CHs 15 13

6-n-Propamidomanzamine A 6 14
8-n-Propamidomanzamine A ““'L/\ 16 14
6-n-Butamidomanzamine A 7 14
8-n-Butamidomanzamine A “{\/ 17 14
6-Isobutamidomanzamine A 8 12
8-Isobutamidomanzamine A 12\ 18 14
6-n-Pentamidomanzamine A 9 13
8-n-Pentamidomanzamine A o NN 19 15
6-Pivalamidomanzamine A 10 12
8-Pivalamidomanzamine A 12< 20 12
6-n-Hexamidomanzamine A 11 14
8-n-Hexamidomanzamine A “';/W 21 14
6-n-Octamidomanzamine A 12 12
8-n-Octamidomanzmaine A 7’1{\/\/\ 22 15
6-(t-Butyl)-acetamidomanzaminge 13 15
A ;Q< 23 14
8-(t-Butyl)-acetamidomanzamine
A
6-Cyclohexamidomanzamine A 14 17
8-Cyclohexamidomanzamine A §—<:> 24 16




Table 11.6. In vitro antimalarial activity of manzamine amides agairgbroquine sensitive
(D6, Sierra Leone) and resistant (W2, IndoChina) straif$ashodium fal ciparum

P. falciparum P. falciparum (W2  Cytotoxicity

Compound Entr (D6 Clone) Clone) (Vero)
ICs0 (NM) ICs0 (NM) ICso (NM)

6-Acetamidomanzamine A 5 1288 1982 NC
8-Acetamidomanzamine A 15 182 231 NC
6-n-Propamidomanzamine A 6 1162 1937 NC
8-n-Propamidomanzamine A 16 123 87 NC
6-n-Butamidomanzamine A 7 1152 1894 NC
8-n-Butamidomanzamine A 17 35 121 NC
6-Isobutamidomanzamine A 8 1105 1547 NC
8-Isobutamidomanzamine A 18 158 205 NC
6-n-Pentamidomanzamine A 9 1235 1482 NC
8-n-Pentamidomanzamine A 19 53 49 NC
6-Pivalamidoanzamine A 10 231 47 NC
8-Pivalamidomanzamine A 20 170 232 NC
6-n-Hexamidomanzamine A 11 680 786 NC
8-n-Hexamidomanzamine A 21 32 65 NC
6-n-Octamidomanzamine A 12 696 754 NC
8-n-Octamidomanzamine A 22 o5 43 NC
acetar?w-ig;)Bn:x)z-amine A 13 ot 02 NC
acetar?w-ig-angg;:)z-amine A 23 9 e NC
6-Cyc|ohexa21idomanzamine 14 34 53 NC
8-Cyc|ohexa21idomanzamine 24 950 995 NC
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Manzamine A 8.0 11 365
8-Hydroxymanzamine A 11 14
Chloroquine 50 484 i
Artemisinin 46 28

NC, no cytotoxicity up to 470 nM
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Table I1.7. In vitro antimicrobial data of manzamine amides (all valuggvi)

ICso/MIC
Compound Entr '
P y  C.albicans C.neoformans . ' fumiga
intracellulre
tus
6-Acetamidomanzamine A 5 -/- -I- 9.91/16.51 /-
8-Acetamidomanzamine A 15 -/- 33.35/- 1.65/2.06 -/-
6-n-PropamAdomanzam|ne 6 n -/- 5 65/8.07 n
8-n-Propam'|A\domanzam|ne 16 >32.28/- NT/NT 152/2.02 >3/2_.28
6-n-Butam|iomanzam|ne r - -/- 4.74/7.89 -
8-n-Butam|iomanzam|ne 17 n 23.68/- 0.87/1.97 /-
6-Isobutam'|6(\10manzam|ne 8 n -/- 3.16/3.95 i
8-Isobutam'|:iomanzam|ne 18 n 3.16/- 1.03/1.97 /-
6-n-Pentam'|A\domanzam|ne 9 n -/- 2 39/3.86 i
8-n-Pentam'|A\domanzam|ne 19 - 4.63/- 0.70/0.97 -
6-Pivalamidomanzamine A 10 -/- - 1.54/3.86 -/-
8-Pivalamidomanzamine A 20 -/- - 0.54/0.97 -/-
6-n-Hexamigomanzam|ne 11 n -/- 15.12/30.22 -
8-n-Hexamigomanzam|ne 21 n 3.78/- 0.03/0.47 -
6-n-Octam|20manzam|ne 12 n -/- 17.40/29.01 -
8-n-Octam|20manzam|ne 29 - 1.01/29.01 0.51/1.81 -
6-(-Butyl)- 13 /- - 1.36/1.89 -
acetamidomanzamine A
8-(t-Butyl)- 23 n 14.36/- 1.51/3.78 /-
acetamidomanzamine A ' '
6_
Cyclohexamidomanzamine 14 -/- 22.271- 1.26/1.86 -/-
A
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8-

--

Cyclohexamidomanzamine 24 -/- 11.14/14.85 -/-
Manz:mine A 1 3.656 1.85 0.64
8-Hydroxymanzamine A 2 6.20 3.55 0.177
Amphotericin B 0.49/1.35 0.92/2.70 1-%/2-
1.06

Ciprofloxacin

ICs0, theconcentration that affords 50% inhibition of growth; minimum inhibitagaentration

(MIC) is the lowest test concentration that allows no detectable lyrawbphotericin B and

ciprofloxacin are used as positive antifungal and antibacterial atsntrespectively, “-* not

active, “NT” not tested.
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Figure 11.25. 'H-NMR spectra of G+-hexamidomanzamine AL{) in CDCk at 400 MHz.
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Figure 11.26. *H- and®™*C-NMR spectra of 6-cyclohexamidomanzaminel4)(in d6-acetone at

400 and 100 MHz, respectively.
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Figure 11.27. *H- and**C-NMR spectra of 6+butamidomanzamine A7fin CDCk at 400 and 100
MHz, respectively.
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6.5 6.0 5.5 5.0 4.5
f1 (ppm)

104

1500

1400

1300

1200

1100

1000

900

800

700

600

a00

r400

F300

200

100

r-100



3000

2800

[-2600

[-2400

[-2200

2000

(1800

[-1600

1400

6-n-PentamldOMA 9) 1200

1000
800

600
400
H h F 200

T T T T
40 35 30 25

20 15 10 5
f1 (ppm)

120

110

—~137.579
~135.330
~132.798
121,756
L1117
—37.103
—53.348
—49.180
—44.770
—37.463
—33.809

-29.682
74
—20.878

13.842

—127.25

114116
—07.5%
— 52986
-77.205
—74.372
el
70.499
PE-RE]
24418

100
20

20

T T T T T T T T T T T T T T
1s0 140 1z0 120 110 100 a0 20 70
f1 {pom)

Figure 11.29. 'H- and***DEPT-NMR spectra of B-pentamidomanzamine M)in CDCk at

400 and 100 MHz, respectively.
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Figure 11.30. *H-NMR spectra of G-propamidomanzamine ) in CDCk at 400 MHz.
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Figure 11.31. *H-NMR spectra of 6(butyl)acetamidomanzamine A3) in CDCk at 400 MHz.
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Figure 11.32. *H- and***DEPT-NMR spectra of 8-cyclohexamidomanzamineA) (in

CDCl; at 400 and 100 MHz, respectively.
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Figure 11.33. *H- and***DEPT-NMR spectra of 8-pivalamidomanzamine28)(in CDCk at 400

and 100 MHz, respectively.
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8-n-ButamidoMA (17)
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Figure 11.34. *H- and**C-NMR spectra of 8&-butamidomanzamine AL{) in CDCk at 600

and 100 MHz, respectively.
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Figure 11.35. *H- and**C-NMR spectra of 8+hexamidomanzamine £{) in d6-acetone at 400

and 100 MHz, respectively.

111



3200

3000

~2800

2600

—2400

=2200

2000

1800
| 1600

~1400

8-IsobutamidoMA 18)

~800

~e0o0
400

o

=-200

20 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 - (S.EI ) 5.5 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
ppm

T T T T r . T T T T r T T T T T T T T T r . T T
45 140 135 130 125 120 115 110 105 100 95 20 85 SUFI a 75) 70 65 60 55 50 45 40 35 30 25 20 15 10
ppm

Figure 11.36. *H- and***DEPT-NMR spectra of 8-isobutamidomanzaminel8) (n dé-acetone

at 400 and 100 MHz, respectively.
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Figure 11.37. 'H-NMR spectra of &-propamidomanzamine A6) in CDCk at 400 MHz.
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CHAPTER II.

SECTION D

SYNTHETIC STUDIES TOWARD THE REPLACEMENT OF THECARBOLINE MOIETY

IN MANZAMINE ALKALOIDS
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Introduction:

Nature has served as a gold mine of structurally diversel snudd¢cules utilized for
target identification and treatment of human diseases. Over 63%atif mwlecules reported
between 1981 and 2006 are either natural, natural product derived ordnfpire natural
compound$? However, natural products are not perfectly designed to fit oulsrieeregard to
their application in disease treatment and hence optimizatioa key step in the drug
development process. Toxicity associated with bioactive natural gsouconsidered a major
obstacle in the process of drug discovery. The outstanding diverse kablagiivities of the
manzamine alkaloids, especially for malaria and neuroprotection, suppodevelopment of
these alkaloids as potential drugs. However, toxicity associatbchigh dose schedules of MA
requires further optimization. The mechanism of MA toxicity &l as the diverse bioactivities
is not understood. Thus detailed structure activity studies were dechpteodifying several
moieties in the manzamine structdté® These SAR studies revealed that the modification of the
B-carboline moiety decreases the toxicity and improves biological activitie

Molecular modeling studies showed that MA and several analogs docKealitvdDNA,
suggesting that manzamines act as DNA intercalator anchigig be expected from the planar
aromatic B-carboline ring found in the manzamines (Figure 11.39). This wapported
experimentaly by the fact that MA was able to arrestctiecycle in the S phaséTo validate
the DNA intercalation hypothesis, we incubated MA with hepG2 dellsrder to examine
whether or not MA can enter the nucleus and intercalate with.Dif& fluorescence of MA
was strong enough to be visualized by fluorescence microscopyeangng able to observe the

uptake of MA by the nucleus (Figure 11.40).
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Figure 11.39. Docked poses of MA and 1,1'-(4,4,8,8-tetramethyl-4,8-
diazaundecamethylene)bis [4-(3-methyl-2,3-dihydrobenzo-1,3-tlyiazol
ethylidene)quinolinium] tetraiodide (TOTO) within DNA. TOTO isosvn with green

carbons and manzamines with white carbons. DNA is shown in wire mode.
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A
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(negative
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Figure 11.40. Manzamine A uptake by the nucleusA) HepG2 untreated cells (control) stained
with DAPI (blue fluorescence). B) HepG2 cells incubated with 1mK (dreen fluorescence)
for 4 hours. Cells were visualized by confocal microscopy (40x rhegton, Zeiss 510-

META).
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Based on our SAR studies the replacement of fkmarboline moiety with other
heterocycles is the next key step in the lead optimization prdtéssmportant to mention that
most naturally reported manzamine alkaloids confagarboline moiety but not others, which
suggests that generating a manzamine-like analog with diffeetetocycle will be beyond the

biosynthetic manzamine alkaloids.

Synthetic strategies:

Although gram and even kilogram quantities of MA is readily labé, removal of the
-carboline moiety from the entire structure is quite difficalathieve. This is due to the highly
conjugated system that tightly linked tpecarboline with the rest of the molecule. Therefore,
using MA as a starting material for replacing thearboline moiety is not practical. To
breakdown the conjugated system, Birch reduction could be utilized.calwgs to reduce the
pyridine ring in thep-carboline as a first step for a retro-Pictet-Spengbgr@ach. However,
Birch reduction of MA resulted in the reduction of thE double bond but not th@-carboline

itself (Scheme 11.3).

3 equiv. Na/Liq. NHj
»

EtOH/THF
-78 °C
l1h

(2, ~40%)

Scheme I1.3.Birch reduction of MA.
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We then turned our attention to using ircinal A as a startingmahinstead and C-C
coupling reactions. C-C bond formation requires the reaction of two componghtopposite
polarity: a nucleophile (metal-carbon species) and an electroglaitbop-halogen or carbon-
pseudohalogen bond). In order to utilize a coupling approach, ircinab#dsbe converted first
to either an electrophilic or a nucleophilic partner (Figuel)l. The only disadvantage of using

ircinal A is the limited quantities available from the natural source.

e
|

CHO

Nucleophile

Figure 11.41. Different proposed routes for utilizing ircinal A in a C-C coupling reaction.
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Ircinal A as a nucleophilic partner:
Decarboxylative cross coupling approach:

Synthetic chemists are always concerned about developing +@@Wwdabd methodologies
to construct up complex natural products and medicinally importantcaolege Since the
discovery of Ullmann reaction (copper catalyzed reductive synwaktross coupling of aryl
halides), metal catalyzed cross coupling reactions have becommghénportant tools for C-C
constructiorr? Several metals have been used as the nucleophile partner includiagiups
copper, zinc and nickéf, however, several drawbacks remains including toxicity and limited
commercial availability of some coupling partners. Carboxyidsaare widely available and are
easy to make and have been used recently to generate nuclgugttiier through elimination of
C0,.%° Nilsson reported the first copper catalyzed decarboxylative cmupbietweeno-
nitrobenzoic acid and iodobenzene in 186&llowed by coupling of 2,6-dinitrobenzoic acid in
1968° Since then, no improvement in regard to copper load or high temperatilrenomet
recently when Myers reported in 2002 the palladium catalyzed lwecdative-Heck type
olefination of arene carboxylatd$and the palladium catalyzed decarboxylative cross coupling
of heteroaromatic carboxylic acids with aryl bromides developethé Bilodeau’s group in
2006%* Goossenet al. used a palladium source in addition to copper (l) as a cocatalyst
catalyze the extrusion of GOand the generation of the carbon nucleophile; which is
subsequently transmetalated to the palladium cycle for couplirig thét carbon electrophile

(Figure 11.42)%* %
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Figure 11.42. Cu/Pd catalyzed decarboxylative cross coupling. M=Ag, Cu; R=hetsdoyinyl,

acyl; R'=heterocycles, aryl; X=I, Cl, Br, O°tf"°

Initial catalyst system developed by Goossen consisted of 10 mol@uBf/1,10-
phenanthroline and 3 mol% palladium bromi#& however, several improvements of the
catalytic system, substrate and reaction temperature have eei°rft Electrophilic partners
were extended from aryl bromid&&® to aryl chloride$, aryl triflate$®®® and aryl tosylate&
Silver was shown to be effective metal for the decarboxyasitep with lowered reaction
temperature§:

The straight forward oxidation of ircinal A to the correspondindp@eaylic acid, ircinoic
acid, encouraged us to utilize the decarboxylative cross coupling ¢d@@proach for the
replacement of th@-carboline moiety. Oxidation of ircinal A was optimized using défe
oxidizing agents. Perchlorate oxidation as well as silver-cadlyrydrogen peroxide oxidation

gives excellent yields (93%) of ircinoic acid (Scheme I1.4).
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AgNO; (10 mol%)

Py

30% H,0, (5 equiv.), MeCN, 50 °C, COOH
30 min

1.3 equiv. NaCIO,, 2 equiv. NaH,POy,

>

Ircinoic acid (3), >90%
DMSO, CH4CN, H,0 Inoic acid (3),>90%

1h

Scheme 1.4 Oxidation of ircinal A to ircinoic acid.

We optimized the decarboxylative cross coupling reaction v@jpédrillic acid as a
model compound with several aryl bromides. Excellent yields werenettavith several aryl

halides (Scheme 11.5) including the desired hetereocycle 7-bromo-1bBlg#;8-<)pyridine4.

COOH N
TN Pd(OAC), (10% mol.); N _~~N
N~ N > H
+ H Cul (5% mol.);
A Br PhsP (30% mol.);
KQCO3 (5% moI.); 5\
/\
(S)-Perillic acid 4 DMSO,80 °C,5 h
5, 92%
isolated yield

Scheme 11.5.0ptimized decarboxylative cross coupling conditions wlkpgrillic acid
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However, the optimized conditions failed with ircinoic acid. Parttha$ failure is
because of complexity of the structure as well as the higisibyaof ircinoic acid relative t&
perillic acid. Another important issue is that ircinoic aciglisced in contact with two highly
activated metals with the possibility of having many side pragegpecially when having a
number of basic nitrogens and double bonds within the structure that coulgctintath
palladium (0). As a result, we decided to optimize the DCCQCiiogaasing ircinoic acid. Our
optimization strategy was based on minimizing side reactionwedisas reducing reaction
temperature to avoid any damage to the ircinal skeleton. Based oprdpesed reaction
mechanism (Figure 11.43), the best approach for minimizing sidetioms is to physically
separate the two catalytic cycles; in other words, gengrdtie cupric-ircinal like salf
separately and allows to react with palladium (0) complethrough the transmetalation step.
This separation will minimize interaction of ircinoic acidthvipalladium (0) that will indeed
eliminate most side reactions.

Although we obtained the coupled product after several trials,i¢hed was low (~5%)
and the reaction was not reproducible. One explanation is that degatlwoxof ircinoic acid is
hard to achieve. These negative results and the limitatiomingt material concluded the fact

that decarboxylative cross coupling strategy needs further optimizations.
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CO, -~ HO

decarboxylatip! )
X ArX

Transmetalation L,PO)

Ar
Lo~ Pd’

reductive
elimination

Figure 11.43. Proposed mechanism for the decarboxylative cross coupling reaction withdarc

acid.

Ircinal A as an electrophilic partner:
Ircinal-derived Triflate:

The field of cross coupling reactions is rich in several outstarsyintpetic tools for C-C
bond construction with a variety of metals as well as nucleogfalithers used. Among these
tools Suzuki cross coupling reaction is practical and has been uded wariety of substrates
and in the real applications in the field of total synthesis of natural produelscases, utilizing

ircinal A as an electrophilic partner in C-C cross couplingtrea requires the removal of the
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formyl group with insertion of an electron withdrawing group sasha halogen or a triflate

group (pseudohalogen) (Figure 11.44).

l__N  PdCl,(dppf),, DCM
B. K,COs, DME, 80°C

Figure 11.44. Suzuki cross coupling approach utilizing ircinal-derived triflate.

Our synthetic approach for this oxidative deformylation is outlindsgure 11.45. Birch
reduction of thex,-unsaturated aldehyde functionality should deliver the reduced ivi{@)
with the generation of a new stereogenic center. An oxidative deformylatiotian will be then
utilized to convert this formyl group into the ircinal-derived ket@)ewhich is very crucial and
important intermediate due to its straightforward conversion tadnesponding enolate that
could be trapped as a triflate anal@®). (Oxidative deformylation process starts with enolate
formation followed by the reaction with oxygen which after decomipasof the formed adduct

will give the keto derivativé?
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Oxidative
OH deformylation

Birch reduction N

> Hwe //N Enolate formation Hie ’N
| | |
6

ircinal A

LDA, -78°C

-

Tf,0

Figure 11.45. Our proposedoute for the formation of ircinal-derived triflate

However, Birch reduction of ircinal A under atmospheric air regult the formation of
an interesting and unexpected proddét (Scheme I1.6). The HRESIMS data @b (m/z
381.3025 (M+H)) revealed the loss of a formyl and a hydroxy groups from ritigai A
structure. The presence of the singlet resonang 08 in the'H-NMR spectrum ofl0 and its
HMBC correlation to the carbonyl group CG3; (97.39) suggested that the newly formed double
bond is in conjugation with the carbonyl group. A sequential one-pot Birch redutititonagion
and deformylation reactions were occurred that yielded the unexpeciteal-derived enone
(20). A possible mechanism for this sequence is shown in Figue A electron attack on the
B-position of theo,B-unsaturated functionality followed by a proton extraction of theegeed

enolate will yield radical specie#ll(). A second electron attack will occur and then instead of
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regular proton abstraction, an elimination of tRéngdroxy group is more likely to happen that
will generate a stabilized conjugated system with the aldefyolup (in the enolate formiM).

In this highly basic conditions, aldehyde group will be in the endtata (V) which will then
react with oxygen in a [2+2] cycloaddition way to generate theetihme intermediateV().
Rapid decomposition of this intermediate will deliver the unexpectedupt (0) with release

of formate salt.

Na/NH;

THF/EtOH
-78°C
atmospheric air

ircinal A 10, 11%

Scheme 11.6.Birch reduction of ircinal A
Ircinal-derived enonel(Q) will be useful in generating the deoxy-ircinal-derived trdlat
(11 (Scheme 11.7). Although this is not our desired end product, thisgiw#l us a chance to
optimize the Suzuki cross coupling reaction as well as gengratime useful SAR studies at
this position. Basically, this enone will be subjected to Birch réaluatondition. An enolate

(VII') will be generated after the second electron attack that could be trappeiflaie a

o) ] OTf
Na/NH;
Tf,0
B ——
THF
-78°C
10 il 1

Scheme 11.7. Planned Birch reduction for the generation of the deoxyircinal-derivederfla
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Figure 11.46. Proposed mechanism for the formation of the unexpected ircinal-derived enone

(10).
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Conclusion:

In conclusion, the decarboxylative cross coupling reaction isvelata new approach for the
generation of nucleophilic partners in C-C cross coupling reacttowever, this approach was
not practical in coupling ircinoic acid with other heterocycleswNind unexpected sequences of
reactions were observed in the Birch reduction of ircinal A undeosgiheric air. A sequential
Birch reduction-elimination-oxidative deformylation were occurred yaettled the unexpected
ircinal-derived enonel(Q). This enone will be utilized in another Birch reduction condition in
order to trap the generated enolate as a triflate analog. Thigidawed-derived triflate will be
used for the optimization of a Suzuki coupling reaction.

Experimental:

General Experimental Procedures The'H- and**C-NMR spectra were recorded in CR®F
d6-acetone on a Bruker DRX NMR spectrometer operating at 400 fietH and 100 MHz for
13C. Chemical shiftd) values are expressed in parts per million (ppm) and arenefst to the
residual solvent signals of CD{br d6-acetone The high resolution ESI-MS spectra were
measured using a Bruker Daltonic (GmbH, Germany) micro-B@kes with electrospray
ionization. TLC analysis was carried out on precoated silica gel G254 alurpiates.

Birth reduction of manzamine A: Ammonia (10 mL) was condensed with sodium (5 equiv.) in
a three-neck flask at -7&. A solution of manzamine A (100 mg, 0.182 mmol) dissolved in
THF:ethanol (9:1) was first cooled to -78 and then added to ammonia. The reaction mixture
was kept stirring at -78C for 30 min. Aqueous NiCI| was added and ammonia was allowed to
evaporate at room temperature. The aqueous solution was extratteticiMioromethane (3x10
mL). The combined organic phases were washed successively withaQ@ous sodium

thiosulphate and brine, dried over MgS®he crude product was purified by silica gel column.
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10,11-dihydromanzamine A:(2); yellow powder;*H-NMR (CDCk) & 9.04 (1H, d J=2.0 Hz),
8.50 (1H, dJ=5.2 Hz) , 8.40 (1H, ddl=9.2, 2.0 Hz), 7.89 (1H, d=5.2 Hz), 7.77 (1H, d}=9.2
Hz), 6.21 (1H, s), 5.62 (m), 5.42 §£10.8 Hz), 4.70 (br), 3.69 (s), 3.25 (1HJ+11.0 Hz), 2.93
(d, J=9.0 Hz), 2.80~2.20 (m), 2.10~1.20 (m); HRESIM®z calcd for GeHz/NsO (M+H)"
551.3512, found 551.3645.

Oxidation of Ircinal A: Ircinal A (30 mg, 0.07 mmol) was dissolved in a mixture of t-butanol (5
mL), acetonitrile (2 mL) and water (1 mL). To this solution wadeled sequentially at room
DMSO (excess), NajPO, (144 mg, 1.2 mmol) and NaCj@140 mg, 1.2 mmol). The reaction
mixture was stirred at room temperature for one hour and NaQl¢shution was added and the
mixture was extracted with dichloromethane (3x10 mL).

Ircinoic Acid (3): (29 mg, 93%); white powdetH-NMR (CDCL) & 9.04 (1H, s), 6.50 (1H, s),
6.21 (1H, s), 5.62 (M), 5.42 (#=10.8 Hz), 4.70 (br), 3.69 (s), 3.25 (1HJ£11.0 Hz), 2.93 (d,
J=9.0 Hz), 2.80~2.20 (m), 2.10~1.20 (m); HRESIMSz calcd for GgH3zgN,Oz (M+H)"
427.2145, found 427.2456.

Decarboxylative cross coupling of $)-perillic acid with 7-bromo-1H-pyrrolo(2,3-c)pyridine
(4): (S)-perillic acid (100 mg, 0.602 mmol) and 7-bromo-1H-pyrrolo@Bxidine (119 mg,
0.031 mmol) were dissolved in dry DMSO (10 mL) in an oven dried two neck Hoothoim
flask under nitrogen atmosphere. To this solution were added subsgq@eht{5 mg, 0.03
mmol), Pd(OAc) (13.5 mg, 0.06 mmol), PRI47.3 mg, 0.181 mmol) and anhydrougCO;
(4.15 mg, 0.031 mmol). The reaction mixture was heated % & 5 h and the progress of the
reaction was monitored by TLC. Water (10 mL) was added amddbeous phase was extracted
with DCM (3x20 mL) and the combined organic layer was dried oveS@®gaand concentrated

under vacuum. The crude product was purified by silica column to afford the coupled product.
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7-perillyl-1H-pyrrolo(2,3- c)pyridine (5(: (133 mg, 91.7%); white powdeltd-NMR (CDCk) &

8.05 (1H, d,J=7.5 Hz), 7.51 (1H, dJ=5.0 Hz), 7.44 (1H, dJ=5.2 Hz), 7.12 (1H, brd s), 6.66

(1H, brd s), 4.74 (2H, brd s), 2.49~1.10 (m), 1.75 (3H*€:NMR (CDCE); 148.86, 141.54,
138.89, 133.93, 132.08, 129.78, 128.46, 125.13, 115.52, 109.40, 103.81, 40.11, 31.38, 27.13,
24.45, 20,86; HRESIM8Vz calcd for GeHioN2 (M+H)™ 238.1491, found 238.1502.

Birch reduction of ircinal A:

Ammonia (5 mL) was condensed with sodium (5 equiv.) in a three-nesk &a-78°C. A

solution of ircinal A (30 mg, 0.073 mmol) dissolved in THF:ethanol (9:1)fwstscooled to -78

°C and then added to the ammonia solution. The reaction mixture wastikepg at -78°C for

30 min. Aqueous NkCI was added and ammonia was allowed to evaporate at room temperature.
The aqueous solution was extracted with dichloromethane (3x10 mL)corhkined organic
phases were washed successively with 10% aqueous sodium thiosulphbtme@ndried over
MgSO,. The crude product was purified by silica gel column.

Ircinal-derived enone (10):(3 mg, 11%):*H-NMR (CDCk) & 8.26 (1H, s), 6.08 (1H, d=5.2

Hz), 5.97 (1H, s), 5.34 (1H, d=5.2 Hz), 5.32 (1H, dJ=5 Hz), 5.30 (1H, dJ=5 Hz), 4.41 (1H,

m), 3.37 (1H, m), 3.25 (1H, m), 2.99~1.4 (MJC-NMR (CDCE); 197.39, 136.79, 131.77,
131.49, 130.90, 130.16, 128.15, 64.57, 63.91, 55.19, 53.26, 49.45, 48.33, 45.77, 43.22, 41.48,
37.63, 33.09, 28.40, 27.72, 27.47, 27.38, 25.59, 23.86, 18.73; HRES8WIalcd for

CosH37N0 (M+H)+ 381.2877, found 381.3025.
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Abstract: A simple and practical approach for the one-pot conversion of nitrcanetoeamide
derivatives has been developed. HOAc/Zn are utilized as a reducing, aged acyl
chloride/EgN are used as the acylating agent in DMF with good yield (~@3%)e amide. This
method was applicable to 6-nitromanzamine A, where the yield otlétesxamidemanzamine
A (7) was significantly improved (56%) by this approach relative tarting with 6-

aminomanzamine A (17%).
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Introduction :

Aryl amides are important structural units of many biologycamhportant compounds as well
as a number of drug candidates (Figure llf*1)Usually, amide is obtained from the
corresponding nitro analog in two separate steps: reduction of the group to the
corresponding %amine, followed by amidation with an activated carboxylic acidduRtion of
the nitro group to the correspondingydmine can be completed using a number of approaches.
Metal catalyzed reduction is the most common in which a vaoietyetals/metal oxides/metal
sulfides have been reported including: Zihdron,”® platinum oxid€?® palladium’’ Raney

1”8 copper’? and ruthenium sulfid&

nicke
Although the ® amine can be purified and subsequently reacted with an activabeckylar
acid, stability of some®aromatic amines, especially complex natural product derivadhines,
may affect the yield of the acylation reaction. Good examplemstable amines are 6- and 8-
aminomanzamine A5( 6). Manzamine A 1), the first representative of the manzamine
alkaloids, was isolated by Higa and coworkers in 188khis class of compounds has shown a
variety of bioactivities. Although 1 and its 8-hydroxy analog(2) showed an outstanding
antimalarial activities both in vitro and in vivo compared to therently utilized first line
antimalarial drugs, chloroquine and artemesthitheir toxicities limited their development as a
potential drugs. As part of a continued investigation of SAR and optimization stddiegainst

malaria, we prepared amide analogd ébr evaluation in vitro against chloroquine sensitive and

resistan®. falciparum strains as well as their cytotoxicity (Chapter I1.C).
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Amicetin

Ertapenem

Figure Ill.1. Drugs that possess aryl amide moieties.

Nitration of 1 (Scheme 111.1) by NaN®and TFA gave two nitro products: 63)(and 8-
nitromanzamine A 4). HOAc/Zn reduction of nitromanzamines afforded the corresponding
aminomanzaminess( 6), which were unstable even as the HCI salts. This lack of isgabil
created numerous challenges during the amidation of aminomanzaitiess. difficulties were
the driving force to explore an effective, practical and gentle oneequolictive amidation of
nitroarenes.

Examples of a one-pot reductive amidation of nitroarenes have &gemned. Watanabe using
PtChL(PPh)./ tin(IV)chloride/CO/carboxylic acid as a reductive amidatsystem requires high
temperature (186C) and pressure (60 atfif)and is not applicable to sensitive and complex

natural products.
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1) 1.6 equiv. NaNO,/TFA

2) Purification
3) HOAc/Zn/MeOH
4) Conc. HCI |

i : (3) 6-Nitromanzamine A, R4=NO,, R,=H

(;) g"aH”Zdam'”e A R=H A Re OH (4) 8-Nitromanzamine A, Ry=H, R,=NO,
(2) 8-Hydroxymanzamine A. R= (5) 6-Aminomanzamine A, Ry=NH,, Ry=H
(6) 8-Aminomanzamine A, R4=H, Ro=NH,

Scheme Ill.1 Nitration of manzamine A

Samarium diiodide has been used to reduce nitroarenes in the predem@roton source to
generate a nitrogen anion equivalent which can then be acylitteester$? This method is
valuable in regard to the use of esters as acylating agent®vidiothe major disadvantage of
this method is that the preformed nitrogen anion equivalent is basichetowgenerate side
reactions in complex natural products which normally have a divenge rof functional groups.
Another disadvantage of using samarium diiodide is that it is sengitimoisture, and requires
highly dry reaction conditions. Limited examples for reductiveaam@&ation are reported. One
example uses nucleophilic attack of thioacetate anion at thegniiup®® providing acetamide
derivative without the intermediate amine. This method could be expdodéhe synthesis of
amides other than acetamide, but it is not applicable to a corsipleture with base sensitive
functional groups such ak Dehydration of the allylic 3hydroxy group at C-12 is always

obtained as a byproduct in most of the base mediated reactidf§ Kfm has used zinc and
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acetic anhydride for the conversion of nitroarenes M@-diacetylatedN-arylhydroxyamines in
good yields. However, the acetamide yields were*oRurthermore, Kim reported high yields
of the acetamide derivatives when nitroaromatics were tresith acetic anhydride and acetic
acid catalyzed by indium, with trace yield of the diacegdaproduct® These two methods,
although showed selectivity to both products and high yields of eachoarapplicable to
manzamine A or related structures. Manzamine alkaloids hawdeglielnexpected rearranged
products when treated with acetic anhydrfiaVe report here the reductive amidation of
nitroarenes promoted by zinc and acetic acid as the reducitgmsysd acyl chloride and
triethylamine as the acylating agent in a one-pot approach. Apphcto manzamine alkaloids
is utilized as an example of the applicability of this method to complex natochlgis.

Reduction of the nitro group generally requires a protic solvent agiaraz# hydrogen
generated in situ. However, amidation reaction using acyl chlogig@ires aprotic solvent as
well as dry conditions to prevent a side reaction with the solveatldition, amidation reaction
using acyl chlorides require basic conditions, in which the basaevitralize hydrochloric acid
librated from the reaction as a by-product. Because of thisasbntwe decided to explore the
ability of adding 8 amine base (EN) in the reduction step, where equimolecular amounts of
acetic acid and zinc are used, in addition to the acyl chloride. thac® amine is formed in
situ, it will immediately react with the acyl chloride fiteited by the 3 amine base. Solvent
optimization of this one-pot reaction was completed using 4-nitroarasoldutyryl chloride as

a test reaction (Table III.1).
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Table Ill.1. Solvent optimization for the reductive amidation reaction

0
NO, NH, HNJ\/\

2 equiv. Zn/ 4 equiv. HOAc

P

solvent / butyryl chloride
OMe 2 equiv. E;N, 40 °C

OMe OMe
1a 2a 3a
Yield® (%)
Entry Solvent Time (h)

2a 3a

1 MeOH 4 98 0

2 DCM 4 80 15

3 DMF 4 30 65
4 Toluene 4 60 37

lsolated yield
All reactions were done using 1.0 mmol of 4-nitroanisole

All reactions showed complete conversion of the starting material
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Table 1ll.2. Reductive amidation of several nitroarenes

Acyl Time

Entry  Starting material chloride h) Amide product Yield (%)
NO, Q
OMe O HNJ\/\
1 /\)ka 45 oMe 64
(0]
NO2 o HNJI\/\
2 @ L 4 58
OMe cl
OMe
NO; Q
o HNJ\©
3 © ©)\0| 5 © 60
OMe OMe
NO. o
i CH Q HN*/\
‘ NG S e 56
1 ©2 (o) )OK/\
5 @ P 4 EN:L 51
CHs Chy
NO2 o
o HNJ\/\
6 PP 45 © 62
cl
CHs CHz
NO> o)
(o] HN)b
7 ©)%. 5 © 64
CH3 CH,
(0]
" J\/\
HN
8 © P 5.5 53
CO,Et So,e
=z
9 N/\ | /\)OI\ 0.5 NS l N 55°
E 8o, cl Y HN(B]/\/
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] 62 0 7 Ny~~~
10 NN, A~ 05 0 58
o8 o

%lsolated yields.

P Reactions were done using 0.4 mmol of nitroharmanes

All reactions were done using 1.0 mmol of starting material

DMF gave the best results, in which the yield of the amideirsdadafrom the nitro
compound was the same as that obtained from the corresponding bisimg.the optimized
reaction conditions, we screened several nitro compounds with butjoyidehas well as other
acyl chlorides (Table IIl.2). All reactions showed 100% conversiortasfisg material to the
corresponding amines and amides, with moderate to good yield of the amides.

After optimizing the reaction conditions, we investigated the agplisaof this reaction
to the synthesis of 6-cyclohexamidemanzamine7A($cheme 111.2). This amide analog was
synthesized frond using normal amidation reaction with low yield (17%). This analog sbdow
potent antimalarial activity in vitro with an g of 0.032 uM against the D6 clone oP.
falciparum with no cytotoxicity up to 4. 7M. It was surprising that the reductive amidatior8of
with cyclohexylcarbonyl chloride (CCC) runs smoothly and quickly (1i@.)mwithout the
addition of EfN and with a significant improvement in the vyield (56%). A reasonable
explanation is that nitromanzamines have two interfaarBino functionalities, which likely

accelerate the amidation reaction.
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Method A, X=H, yield = 17%

poy

Method B, X=0, yield = 56%

Method A: 1.2 equiv. CCC, 1.1 equivsBt cat. DMAP, THF, rt, 1 h

Method B: Reductive amidation approach

Scheme lIl.2. Amidation of manzamine A

To validate this, we utilized harman®) (@s a precursor to the synthesis of the closely
related model compounds 6-nitroharma@eand 8-nitroharmanel(). Harmane &) was nitrated
using the same conditions asScheme II1.3) which gav® and 10 in 45% and 43% vyields,
respectively. Applying the reductive amidation condition® tand 10 without the addition of
Et:N did not gave the amides, even after 12 h of stirring. The amid@4.0fvere obtained after
the addition of BN to the solution (Table 111.2, entry 9 and 10). These resultslglealidated

our explanation regarding th 8mino capacity of manzamine alkaloids.
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6 =
1.6 equiv. NaNO, N |

[

Ir-z

TFA

() ©) (10)

45% 43%

Scheme II1.3. Nitration of harmane

In conclusion, this is the first report of using&nine base in the reduction step of the
nitro compounds in addition to acyl chloride in a one-pot approach to forwothesponding
amides. The yields of the amides are reasonable for the mod@logods however more
significant is that the reaction conditions are mild and wekraed withl and showed
significant improvement in the yield of the amide analod.ofhis reaction is certain to have

utility in the optimization studies of various natural product heterocycliesyst

General Experimental Procedures.H- and **C-NMR spectra were recorded in CRCHi4-
methanol, omd6-acetone on a Bruker Avance NMR spectrometer operating at 400foH

and 100 MHz for*C. Chemical shiftd) values are expressed in parts per million (ppm) and are
referenced to the residual solvent signals of the solvent used. UV and the high res@utt® E
spectra were measured using a Bruker Daltonics (GmbH, GeymaingO-TOF series with
electrospray ionization. TLC analysis was carried out on precadted gel G254 aluminum
plates. Reagents were purchased from Aldrich and used without fprthgcation. Reactions
were carried out in oven-dried glassware.

General procedure for reductive amidation: EtzN (0.002 mole), zinc (0.002 mole), acetic acid

glacial (0.004 mole), and the acyl chloride (0.0013 mole) was aduea dolution of the
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nitroarene (1 mmol) in anhydrous DMFhe mixture was stirred at 4C for about 5 h. Water

(10 mL) was added to the reaction mixture and extracted wiiyl atetate (3x10 mL). The

organic layer was dried over anhydrous,8&, and evaporated under vacuum. The crude

products were purified by silica column using 98:Bexane:acetone.
6-Cyclohexamidemanzmaine A (7):

Method A: 6-aminomanzamine A (100 mg, 0.177 mmol) and catalytic amount of DMAP
were dissolved in anhydrous THF (3 mL) under nitrogen atmosphegke(EiuL, 0.177 mmol)
was then added, and the mixture was stirred at room temper&iurel0 minutes.
Cyclohexylcarbonyl chloride was added (1.2 equiv.), and the reaction mixturéines fer 1 h.
The completion of the reaction was monitored by TLC, then the oeastas quenched with
water, and the product was extracted by DCM (3x10 mL). Thanic layer was dried over
anhydrous sodium sulphate, and then evaporated under reduced pres#igatidtuof 7 was
carried out on a Phenomenex Luna C8 250x10 mmm BIPLC column using a gradient form
CH3CN (0.1% TFA)/water (0.1% TFA) with flow rate of 6 mL/min to giv¢20 mg, 17.62%)

Method B (reductive amidation method): 6-nitromanzmaine A (100 mg, 0.169 mmol)
was utilized with the general reductive amidation procedure abdfiewithe addition of BN.

The crude reaction mixture after evaporation was purified on a Ple@eoniuna C8 250x10
mm, 5um HPLC column using a gradient @EN (0.1% TFA)/water (0.1% TFA) with flow rate
of 6 mL/min to give7 (63.5 mg, 55.94%).

Nitration of harmane: harmane(8) (1 g, 5.494 mmol) was dissolved in TFA (40 ml., 0.538
mmol), and kept at 8C with stirring for 30 min. Sodium nitrite (0.6 g, 8.695 mmol) waseadd

in one portion and allowed to stir afO for an additional 3 h. The reaction mixture was poured

! After the addition of all the reagents, the pHudtidoe around 6. If not, 0.001 mole ofEtwas added.
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into water and neutralized by ammonium hydroxide producing a pieeipiat was filtered and
dried. The crude nitro products of harmane were loaded onto a column pattk&0 g of silica

gel. 8-Nitroharmane9) was eluted first with 99:1 DCM:MeOH, followed by 6-nitrohame

(10) after the mobile polarity was increased with 95:5 DCM:MeOH (opposite toamane A).
6-Nitroharmane (9): (0.56 g, 45.16%); yellow powder; IR: 3020, 2951, 2587, 2079, 1664, 1637,
1534, 1490, 1428, 1402, 1336.93, 1319, 1286, 1266, 1206, 1179, 1131, 1118, 1054, 990, 836,
820, 794, 751, 742, 730 ém'H-NMR (CDCL) & 8.83 (1H, dJ=2.4 Hz), 8.13 (1H, dJ=2.4

Hz), 8.11 (1H, dJ=2.4 Hz), 8.08 (1H, d}=6.8 Hz), 7.96 (1H, d}=6.8 Hz), 7.38 (1H, d}=8.0

Hz), 2.87 (S);13C-NMR (CDCh) 6 145.59, 141.93, 139.86, 135.56, 132.58, 130.42, 125.24,
119.59, 119.43, 115.35, 112.63, 15.29; HRESI 3 calcd for GoH10Nz0, (M+H)* 228.0773,
found 228.0770.

8-Nitroharmane (10) (0.54 g, 43.54%) yellow powder; IR: 3020, 2951, 2587, 2079, 1664,
1637, 1534, 1490, 1428, 1402, 1336.93, 1319, 1286, 1266, 1206, 1179, 1131, 1118, 1054, 990,
836, 820, 794, 751, 742, 730 ¢mtH-NMR (CDCL) § 9.87 (s, brd), 8.44 (1H, d5.6 Hz), 8.41

(1H, d,J=8.0 Hz), 8.37 (1H, d,J=8.0 Hz), 7.78 (1H, dJ=5.6 Hz), 7.33 (1H, t}=8.0 Hz), 2.86

(s); ¥3c-NMR (CDCh) 6 143.32, 140.84, 134.85, 133.97, 133.29, 129.23, 127.58, 126.39,
124.43, 119.61, 112.87, 20.43; HRESIM® calcd for GoH1oN30, (M+H)* 228.0773, found
228.0770.

6-n-Butamidoharmane (Tablelll.2, entry 10): starting from 6-nitroharman®,(100 mg, 0.441
mmol) and using the general reductive amidation procedure above: (64,3AmMy%); H-

NMR (CDCl) & 8.56 (s), 8.23 (1H, di=8.0 Hz), 8.20 (1H, d}=6.0 Hz), 7.75 (1H, d}=8.8 Hz),
7.61(1H, dJ=8.0 Hz), 2.97 (s), 2.43 (2H,3:7.6 Hz), 1.79 (2H, p}=8.0 Hz), 1.06 (3H, t}=8.0

Hz); ®*®DEPT (CDC4) § 130.15 (CH), 126.62 (CH), 115.86 (CH), 114.78 (CH), 113.68 (CH),
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39.69 (CH), 20.33 (CH), 20.03 (CH), 13.93 (CH). HRESIMS m/z calcd for GgH1gN3O
(M+H)* 268.1450, found 268.1448.

8-n-Butamidoharmane (Tablelll.2, entry 9): starting from 8-nitroharmand@, 100 mg, 0.441
mmol) and using the general reductive amidation procedure: (67.86 mg, 57 69%MR
(CDCls) & 8.03 (1H, dJ=6.0 Hz), 7.72 (1H, d}=8.0 Hz), 7.67 (1H, dJ=8.0 Hz), 7.64 (1H, d,
J=6.0 Hz), 7.05 (1H, tJ=8.0 Hz), 2.90 (s), 2.21 (2H, 3=7.2 Hz), 1.73 (2H, pJ=8.0 Hz), 0.91
(3H, t, J=7.2 Hz);**DEPT (CDC}) 5 131.31 (CH), 119.95 (CH), 118.01 (CH), 114.02 (CH),
113.04 (CH), 39.11 (CH), 19.71 (CH3), 19.07 (Chi 13.79 (CH), HRESIMSm/z calcd for

C16H1aN30 (M+H)" 268.1450, found 268.1448.
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Figure 111.2. *H-NMR of 4-(n-butamido)anisoleTable 1I1.2, entry 3) in CDCk at 400 MHz.
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ABSTRACT: A simple, mild, cost effective and green approach for the tegumono N-
alkylation of nitroarenes has been developed. HOAc/Zn are utiligetthea reducing system
together with a carbonyl compound as an alkyl source in methanollldetcgields were
obtained with stoichiometric control of mono over dialkylated products. égpn to five

complex natural products demonstrated the practical utility of the method.
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Introduction:

One-pot reactions are those in which two or more chemical tramsions take place under
the same reaction conditions without purification of intermediates awvdiding
protection/deprotection stepDue to this advantage, one-pot reactions are highly practical in
organic process development and in the field of total synthesisngflex natural products®
Indeed the value of such reactions is maximized if they mnaitihe green chemistry principles
such as: waste prevention, atom economy, safer solvents and saselgstivity’’ Simple and
gentle chemical modifications are a key element for lead gg#tion studies where the
pharmacological properties of leads must be altered through sgnthesmisynthesis. Nitration
of aromatic and heterocyclic compounds is a simple and usefuloredeot introduction of a
stable nitro group onto a natural product skeleton. The benefit of introdin@ngtro group is
the ease of conversion to the corresponding amine that can be fukihatedl to create primary
and secondary aromatic amines. These alkylated amines araantgmrilding blocks for drug
candidates.

During our detailed structure activity relationship (SAR) andl legtimization studies of
manzamine A against malaria and neuroinflammaftdf,®®*'we introduced a nitro group at C-
6 and C-8 of thg-carboline moiety. These nitromanzamines are stable whileotihesponding
amines are ndt This instability was the inspiration for development of our one-phiative
amidation method using Zn/HOAc as the reducing system and aaytideflEEN as the
acylating agent in DME® The same challenges occurred when attempting\-akylate
aminomanzamines by direct and reductive alkylation methods. Asudt,reve explored the
utility of our previously used reducing system (Zn/HOAc) to accahpéin effective one-pot

reductiveN-alkylation of nitroarenes with carbonyl compounds as the alkyl source.
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Several examples of one-pot reductive mddalkylations of nitroarenes with different
reducing systems using carbonyl compounds as the alkyl source é@mvedported. Baet al.
used decaborane and 10% Pdi@ methanol as a reducing system with a carbonyl compound as
the alkyl source. Although this method showed high yields (~90%) ofimibveo N-alkyl
products, it has several drawbacks. Addition of the reducing agent ibatcte resulted in an
incomplete reaction due to formation of the corresponding ether thredghtive etherification.
Another report used hydrogen over 10% Pd/C as reducing systemdamydds as an alkyl
source’® This method is not selective and not applicable to natural productfication since
H./10% Pd/C will reduce isolated double bonds. In a similar reaction,oaram formate was
used as in situ hydrogen donor with 5% Pd/C as a reducingnsystaddition to aldehydes as
alkyl source’® Xianget al reported the use of aqueous-MeOH as an in situ sourcg @feéf an
Au-Pd/AlLO; catalyst for the conversion of nitroarenes into the correspondimgsiiiNitriles
have also been used as alkylating agents. Huds@h. have used nitriles and ammonium
formate with 5% Pd/C as reducing agent in meth&hdhis approach gave relatively low yields
with nitroarenes bearing electron withdrawing groups. Polymettgdizjoxane was also used
as reducing agent in the presence of Pd¢Has catalyst and nitriles as alkylating agéhts.
These two methods have the drawback of long reaction time in thenétsod and an expensive
reducing agent in the second method. Other reductive alkylation mdthedsbeen reported
including: allylic amination of cyclohexene by nitroarenes lyaél by ruthenium complexés,
electrochemical reductiofl, addition of functionalized arylmagnesium compounds to
nitroarenes® the palladium catalyzed coupling of allyl carbondtethe addition of
allymagnesium chloride to nitroarenes followed by reduction withtH!X and the zinc

promoted reductive alkylation utilizing alkyl halides as the alkyl sotffte.
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Apparently, none of the previously reported one-pot redudivalkylation methods of
nitroarenes is suitable for drug development either because ofi\agteproblems or the use of
costly or toxic reagents (i.e., a deviation from green chemmstngiples). Moreover, they all
lack the application to a real drug lead or natural products. Hereirgport the development of
a one-pot reductivBl-alkylation of nitroarenes using inexpensive zinc metal with@eetd as a
selective reducing system (alkenes are stable under thiegiti@ns}®* and carbonyl compounds

as alkyl source with an application to five natural products scaffolds.
Results and discussion

Solvent optimization using 4-nitroanisole as a model reaction revézd¢ methanol was the
solvent of choice with quantitative yield of the mono N-alkyl proddeble IV.1). We then
optimized the reaction conditions using simple nitroarenes and seagtainyl compounds.
Mono N-alkyl products were obtained in high yields when one molerbbogl compound was
used. (Table IV.2). Addition of two equivalents or more of carbonyl compoesulted in the

formation of tertiary amines in excellent yields in an atom economicabagipr
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Table IV.1. Solvent optimization for the reductive moNealkylation of nitroarenes

NO, HNT 7N

4 equiv. Zn/ 8 equiv. HOAc

solvent/ 1 equiv. butyraldehyde

OCHj,4 OCHjs

4-nitroanisole 1a

Entry Solvent Time (min) Yield (9%)
1 DCM 30 94
2 MeOH 30 Quant.
3 DMF 30 91
4 Toluene 30 86
5 THF 30 87

%lsolated yield; All reactions were done using 1 mmol of 4-nitroanisole
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Table IV.2. Screening of simple nitroarenes under optimized conditions

R1
NO, o HN™ "R,
4 equiv. Zn/ 8 equiv. HOAcC
A .
| 7R + 1.2 equiv. Rl)J\RZ - \—R
MeOH =
30 min. 1af
_ Yield
Entry Nitro compound Carbonyl compound Product %)
0
NO, HNT N
_~_-CHO
1 Quant.
OMe OMe
la
NO,
O HN
2 96
OMe
OCHj,
1b
NO J\
2 HN
O
3 )J\ 95
OMe
OCHg
1c
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NO,

4 Quant.

CO,Et
CO,Et 1d

HN/\©\

NO, Cl

5 OHC 97
[ j\CI OMe

OMe le
N02 \N/

6 HCHO 96°
OMe OMe

19

%lsolated yields. All reactions were done using 1.0 mmol of starting materia

®2.2 equiv. HCHO, 10 equiv. Zn and 20 equiv. HOAc were used. The reaction time was 1 h.

We utilized our optimized conditions for the synthesis of sevékalkyl analogs of
biologically active natural product scaffolds. Five natural producsewitrated to generate
starting nitro materials (Scheme 1V.1). Manzamin&): ¢elected as an example of manzamine
alkaloids, yielded upon nitration three nitro products: 7-nitromanzam{8g 5-nitromanzamine
F (@) and 5,7-dinitromanzamine B)( The regiochemistry of the nitro group 3nwas assigned
based on the strong HMBC correlations of H3p 7.91) to C-4ad; 131.4) and C-4bd( 129.1).
Nitration of harmane6), ap-carboline alkaloid, with sodium nitrite gave two nitro products: 8-

nitroharmane 1) and 6-nitroharmane8). Recently, severaB-carboline related alkaloids
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identified as prototypes to potent and orally efficient antimdlée@ds were synthesized via
similar reductive amination chemist$'% This supports our use ¢¥-carbolines as model
compounds. Nitration of the steroid, estradi@), (ed to simultaneous nitration of the phenol
moiety and oxidation of the C-17 hydroxy functionality to afford 2emi$trone 10) and the 2,4-
dinitro analog {1). Nitration of quinine 12) resulted in an interesting hydroxynitration of the
terminal double bond which led to the formation of compol®éh moderate yield. Th&H- &
13C-NMR of 13 revealed the absence of the olefinic resonances and the preserce of
disubstituted quinoline ring (1H-NMRS 8.95, 1H, dJ=4.4 Hz; 8.25, 1H, d}=7.7; 8.14, 1H, d,
J=10.9; 7.74, 1H, d,)=10.0 Hz and 7.61, 1H, s) which indicated that the double bond was
nitrated instead of the quinoline ring. This could be attributed tdehetivation of the quinoline
ring by TFA. The molecular formula af3 was determined as @l.6Nz:0s (M+H)" from
HRESIMS @/z 388.1872) and the NMR data, which confirmed the addition of a hydroxy group
and a nitro group in the molecule. The presence of the methylermanee abt 79.2 as well as

the oxygenated methine resonance &t68.5 in the *C-NMR spectra confirmed the
regiochemistry of the nitro and the hydroxy groups to be at C1TafAdespectively. Nitration

of curcudiol (4) gave the mononitrol) and dinitro productsl@). The nitro group irl5 was
assigned at C4 based on the presence of the two singlet resoaeh@es1 and 6.31 in thiH-

NMR spectra.
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Method A: 1 equiv. of natural product dissolved in TFA, 1.1 equiv. NaNAC to rt., 1.5 h.

Method B: 1 equiv. of natural product dissolved in HOAc, 3 equiv. HREC to rt., 1 h.

Scheme IV.1 Nitration of natural products scaffolds

The optimized reductiv&l-alkylation conditions applied to the nitrated natural products gave
moderate to excellent yields (Table 1V.3). 7-Nitromanzamirga¥e a high yield (91%) of the
corresponding ‘N-ethylaminomanzamine A{) when one equivalent of acetaldehyde was used.
The nitroquinine producl3 gave a moderate yield of 47% of tNeethylamino productl8.
Moreover, nitrocurcudiol5 gave 64% vyield of th&l-ethylamino analod.9. A high yield of the
6-N-butylaminoharmane2(, 97%) was obtained from the reductive alkylation of 6-nitroharmane
(8). Moreover, a high yield (88%) of tiéN-dimethylamino analog@1 was obtained in the case

of 2-nitroestrone when reacted with two equivalents of formaldehyde.
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Table IV.3. ReductiveN-alkylation of nitrated natural products

Entry Nitro products N-alkyl products Yield (96)
1 91
(@)
3 NO
’ HNJ
OH
OH
2 HO N 47
HO, N
MeO N
P MeO N
N
=
N
13 18
OH OH
3
5 64
H
NO, o ~_NH
15 19
Ry H
| = N~
" N NS l N
4 H R, ! 97
R;=R,=H: Harmane (6)
R1=H, R,=NO,: 8-nitroharmane (7) 20
R1=NO,, Ry=H: 6-nitroharmane (8)
O
0]
5 o | 88
2 N
HO
HO
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10 21

%lsolated yields. 1.2 equiv. of aldehydes were used. Reaction time was 1 h.

P 2.2 equiv. HCHO, 10 equiv. Zn and 20 equiv. HOAc were used.

Conclusion:

In conclusion, a practical, mild, cost-effective and environmentahign green method for
the one-pot reductive mono N-alkylation of nitroarenes has been develdpednethod gives
excellent yields with our model compounds with high selectivity ierrhono N-alkyl over the
dialkylated product in an atom economical approach with easy wastap (no hazardous
waste). The reaction conditions were well tolerated by atyapienatural product models and
afforded moderate to excellent yields. The major advantage of otirodhés the use of
inexpensive zinc metal and acetic acid as a mild and seleetiveing system to nitro group
which makes our method greener. When taken in conjunction with the madtore conditions,

this method may well find applications in drug development
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Experimental:

General Experimental ProceduresThe'H- and**C-NMR spectra were recorded in CRQI4-
methanol ord6-acetone on NMR spectrometer operating at 400 MHZHoand 100 MHz for
13c. Chemical shiftg) values are expressed in parts per million (ppm) and arenefst to the
residual solvent signals of the solvent used. High resolution ES$Stra were measured
using electrospray ionization mass spectrometer. TLC anaMgsscarried out on precoated
silica gel G254 aluminum plates. Reagents were purchased fromerorahsources and used

without further purification. Reactions were carried out in oven-dried glasswa

General procedure for the mono N-alkylation of nitroarenes: carbonyl compound (1.2
equiv.), zinc dust (4 equiv.) and acetic acid glacial (8 equiv.) wedded to a solution of the
nitroarene (1 mmol) in MeOH (2 mL). The mixture was stirrecoam temperature for 30 min.
Water (5 mL) was added to the reaction mixture and extragtacethyl acetate (3x10 mL). The
organic layer was dried over anhydrous,8&, and evaporated under vacuum. The crude

products were purified by silica column using 98:Bexane:acetone.

4-N(n-butylamino)anisole (1a)*°” (179 mg, Quant.); yellow oi*H-NMR (CDCL) 6 6.84 (2H,
d, J=9.1 Hz), 6.63 (2H, d}=9.0 Hz), 3.77 (3H, s), 3.09 (2H,X7.6 Hz), 1.61 (2H, t}=7.5 Hz),
1.47 (2H, m), 1.00 (3H, t}=7.5 Hz); HRESIMSm/z calcd for GiH:1gNO (M+H)" 180.1388,
found 180.1394.

4-N(2-methylcyclohexylamino)anisole (1b}?® (212 mg, 96%); yellow oil*H-NMR (CDCL) &
6.77 (2H, dJ=8.7 Hz), 6.67 (2H, dJ=8.9 Hz), 3.76 (3H, s), 1.4-2.2 (2H, m), 1.08 (3HJ=.1

Hz); HRESIMSm/z calcd for G4H2,NO (M+H)™ 220.1701, found 220.1687.
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4-N(isopropylamino)anisole (1c)**® (157 mg, 95%); yellow o0il*H-NMR (CDCL) 6 6.78 (2H,

d, J=8.7 Hz), 6.60 (2H, dJ=8.9 Hz), 3.77 (3H, s), 3.56 (1H, m), 1.2 (6H, E7.1 Hz);
HRESIMSm/z calcd for GoH1gNO (M+H)" 166.1232, found 166.1197.

4-N(n-butylamino)ethyl benzoate (1d)*'° (221 mg, Quant.); yellowish solid (m.p. 134M-
NMR (CDCk) 6 7.84 (2H, dJ=8.9 Hz), 6.55 (2H, dJ=8.7 Hz), 4.29 (2H, qJ=7.4 Hz), 3.12
(2H, g,J=7.1 Hz), 1.58 (2H, m), 1.41 (2H, m), 1.33 (3HJ47.0 Hz), 0.93 (3H, tJ=7.0 Hz):
HRESIMSm/z calcd for GaHaoNO, (M+H)*™ 222.1494, found 222.1510.
4-(p-chlorobenzylamino)anisole (1e}* (240 mg, 97%); yellow o0il*H-NMR (CDCk) § 7.22
(2H, d, J=8.6 Hz), 7.07 (2H, dJ=8.9 Hz), 6.74 (2H, dJ=8.9 Hz), 6.52 (2H, dJ=8.9 Hz) 4.42
(1H, brs), 3.72 (3H, s)}*C-NMR (CDC}): 152.8 (C), 140.7 (C), 140.2 (C), 138.7 (C), 133.3
(CH), 129.0 (CH), 128.9 (CH), 128.6 (CH), 115.7 (CH), 115.7 (CH), 115.0 (CH), 118 (C
64.6 (CH), 55.7 (CH): HRESIMS m/z calcd for GiHisCINO (M+H)* 248.0842, found
248.0857.

4-(N,N-dimethylamino)anisole (1f)**? (145 mg, 96%): yellowish white oitH-NMR (CDCk) ¢
6.84 (2H, d,J=8.6 Hz), 6.75 (2H, dJ=8.9 Hz), 2.86 (6H, s), 3.76 (3H, s); HRESIM% calcd

for CgH14NO (M+H)" 152.1075, found 152.1102.

General methods for the nitration of natural products.

Method A: 1 equiv. of natural product was dissolved in TFA (3 mL) and stirred@onin. at O
°C. NaNQ (1.1 equiv.) was added at once and the reaction mixture was sti®€€ dor 1 h
and then for 30 min. at room temperature. The reaction mixture wasdpmioewater and

neutralized by ammonium hydroxide producing a precipitate tlat filtered and dried. If no
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precipitate was formed, the aqueous mixture was extracted @M (3x10 mL) and the
organic layers were combined and dried overS@ and concentrated under vacuum.

Method B: 1 equiv. of natural product was dissolved in glacial acetic acidL(Band nitric
acid (2 equiv.) at 8C. The reaction mixture was stirred for 30 min. 4C0then for another 30
min at room temperature. The reaction mixture was poured into \&atkrneutralized by
ammonium hydroxide producing a precipitate that was filtered aed.df no precipitate was
formed, the agueous mixture was extracted with DCM (3x10 mL) lmmarganic layers were
combined and dried over b0, and concentrated under vacuum.

Nitration of manzamine F (2): Manzamine F (100 mg, 0.172 mmol) and NaN@8 mg, 0.188
mmol) were reacted by method A. After workup, the crude nitroarame F products were
purified by silica column chromatography usimfpexane:acetone (9:1). Further purification was
carried out on a Phenomenex Luna C8 250x10 mum buna reverse-phase HPLC column
using gradient CECN (0.1% TFA)/water (0.1% TFA) with flow rate of 6 mL/min to gawe
pure nitro analogs.

Manzamine F (2): 'H-NMR (CDCL) 5 8.41 (1H, dJ=7.6 Hz), 7.88 (1H, dJ=7.5 Hz), 7.63
(1H, d,J=7.6 Hz), 7.61 (1H, dJ=7.6 Hz), 7.12 (1H, dJ=7.6 Hz), 6.66 (1H, s), 5.60 (2H, m),
3.70 (1H, s), 3.11 (m), 2.92 (m), 2.57 (m), 2.38 (m), 2.10 FE:NMR (CDCE) § 211.0 (C),
143.7 (C), 143.1 (C), 141.3(C), 138.3 (CH), 137.7 (CH), 133.3 (C), 132.6 (C), 130.1 (C), 128.0
(CH), 123.4 (C), 121.1 (CH), 113.8 (CH), 112.2 (CH), 82.1 (CH), 69.6 (C), 63.5 (CH), 53.2
(CH,), 49.8 (CH), 47.6 (C), 46.7 (Ch), 46.1 (CH), 45.1 (CH), 42.5 (CH), 39.9 (Cb}, 38.9
(CH,), 34.2 (CH), 32.7 (CH), 26.9 (CH), 25.7 (CH), 25.2 (CH), 24.6 (CH), 21.5 (CH).
7-nittomanzamine F (3): (21 mg, 20%);[« 5 +11.5 € 0.05, MeOH); yellow solid; (R= 0.6,

9:1 DCM:MeOH); IR: 3534 (br), 3211, 3050, 2959, 2924, 2852, 1711, 1650, 1574, 1507, 1457,
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1421, 1260, 1072, 1024, 911, 802, 729 ‘tMi-NMR (d6-acetone) 8.55 (1H, dJ=7.6 Hz),

8.38 (1H, dJ=7.5 Hz), 8.18 (1H, dJ=7.6 Hz), 7.91 (1H, dJ=7.6 Hz), 6.71 (1H, s), 5.65 (2H,

m), 3.70 (1H, s), 3.44 (m), 3.29 (m), 3.14 (m), 2.92 (m), 2.72 (m), 2.53 (M), 2.34 (t}nD.2

2.08 (s), 2.03 (m), 1.96 (m), 1.74 (m), 1.48 (ME-NMR (d6-acetone) 211.0 (C), 150.9 (C),
139.6 (C), 136.1 (CH), 135.2 (CH), 133.7 (CH), 132.6 (C), 131.4 , 129.1 (CH), 122.3 (C), 121.7
(C), 121.6 (C), 119.6 (C), 115.4 (CH), 113.3 (CH), 79.8 (CH), 70.6 (C), 69.2,(68i8 (CH),

55.7 (CH), 51.1 (Ch), 47.3 (CH), 45.6 (CH), 41.6 (CH), 36.6 (CH), 36.3 (CH), 34.7 (CH),

28.1 (CH), 25.1 (CH), 24.3 (CH), 22.9 (CH), 20.7 (CH); HRESIMS m/z calcd for
CasHaNs0s (M+H)* 626.3342, found 626.3335.

5-nitromanzamine F (4): (21 mg, 20%);[« 5’ +12.1 € 0.05, MeOH); pale orange solid; (R

0.50, 9:1 DCM:MeOH); IR: 3194 (br), 3090, 2964, 2930, 2854, 2802, 1710, 1671, 1649, 1560,
1456, 1417, 1335, 1202, 1194, 1073, 1026, 911, 820, 805, 729 &wNMR (d6-acetone)

8.70 (1H, dJ=7.6 Hz), 8.53 (1H, dJ=7.5 Hz), 8.12 (1H, d}=7.6 Hz), 7.12 (1H, d}=7.6 Hz),

6.99 (1H, s), 5.65 (2H, m), 3.70 (1H, s), 3.44 (m), 3.29 (m), 3.14 (M), 2.92 (m), 2,72%6

(m), 2.34 (m), 2.24 (m) 2.08 (s), 2.03 (M), 1.96 (M), 1.74 (m), 1.48"@INMR (d6-acetone)

211.0 (C), 149.3 (C), 141.7 (C), 141.0 (C), 136.0 (CH), 135.1 (C), 132.5 (CH), 131.9 (CH),
129.4 (C), 122.5 (C), 121.7 (C), 118.0 (CH), 117.1 (CH), 115.2 (CH), 114.0 (CH), 79.0 (CH),
72.0 (CH), 67.5 (CH), 56.6 (CH), 56.3 (CH), 53.5(Ch), 52.2 (CH), 49.3 (CH), 46.3(CH),

42.4 (CH), 36.8(Ch), 36.6 (CH), 33.4 (CH), 30.6 (CH), 29.6 (CH), 29.2 (CH), 28.6 (CH),

27.5 (CH), 25.2 (CH), 22.1 (CH), 20.0 (CH); HRESIMSmz calcd for GeHasNsOs (M+H)*

626.3342, found 626.3335.
5,7-dinitromanzamine F (5):(46 mg, 43%)]a [’ +18.5 € 0.1, MeOH); orange solid; (R 0.4,

9:1 DCM:MeOH); IR: 3239 (br), 3050, 2932, 2854, 2797, 1693, ,1562, 1446, 1418, 1365, 1330,
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1271, 1245, 1112, 1075, 823, 789 “&rtH-NMR (d6-acetone)y 8.59 (1H, dJ=7.6 Hz), 8.21
(1H, d,J=7.5 Hz), 8.20 (1H, s), 6.52 (1H, s), 5.36 (2H, m), 3.70 (1H, s), 3.44 (m),rB)29 (
3.14 (m), 2.92 (m), 2.72 (m), 2.53 (m), 2.34 (m), 2.24 (m) 2.08 (s), 2.03 (m), 1.96.7#)m),

1.48 (m):**C-NMR (d6-acetone) 212.0 (C), 151.1 (C), 143.6 (C), 141.5 (C), 138.4 (CH), 137.7
(CH), 136.9 (C), 133.5 (C), 131.8 (CH), 130.2 (CH), 128.3 (C), 124.1 (C), 120.2 (C), 114.3
(CH), 109.3 (CH), 80.5 (CH), 70.1 (G 69.9 (CH), 57.1 (CH), 55.7 (CH), 53.9 (CH), 51.4
(CHyp), 46.8 (CH), 43.3 (CH), 39.7 (Ch), 36.6 (CH), 36.4 (CH), 34.6 (CH), 32.7 (CH), 27.3
(CH,), 25.2 (CH), 24.3 (CH), 22.1 (CH), 21.0 (CH); HRESIMSnz calcd for GgHasNeO7
(M+H)* 671.3193, found 671.3207.

Nitration of harmane (6): Harmane (100 mg, 0.440 mmol) and NalNGB.4 mg, 0.480 mmol)
were reacted by method A. After workup, the crude nitro productsrofame were loaded onto

a column packed with 15 g of silica gel. 8-Nitroharmai® Was eluted first with 99:1
DCM:MeOH, followed by 6-nitroharmand) after the mobile polarity was increased with 95:5
DCM:MeOH.

8-Nitroharmane (7):**® (54 mg, 43%); yellow powder (m.p. 211-2%2; lit. 209-210°C); (R =

0.8, 9:1 DCM:MeOH); IR: 3087, 3044, 2974, 2865, 2784, 1660, 1640, 1530,1491, 1339, 1288,
1202, 1184, 1131, 833 ¢m'H-NMR (CDCk) & 9.87 (s, brd), 8.44 (1H, d=5.6 Hz), 8.40 (1H,

d, J=8.0 Hz), 8.37 (1H, dJ=8.0 Hz), 7.78 (1H, dJ=5.6 Hz), 7.33 (1H, tJ=8.0 Hz), 2.86 (s);
¥C-NMR (CDCk) § 143.3 (C), 140.6 (CH), 134.8 (C), 134.0 (C), 133.7 (C), 127.4 (CH), 127.6
(C), 126.4 (C), 124.2 (CH), 119.4 (CH), 112.6 (CH), 20.2 {CHIRESIMS nvz calcd for
C12H10N30; (M+H)* 228.0773, found 228.0770.

6-Nitroharmane (8):**3 (56 mg, 45%); yellow powder (m.p. 297-2%%; lit. 299-300°C); (R =

0.7, 9:1 DCM:MeOH); IR: 3305, 3086, 2869, 1673, 1640, 1531, 14942, 1434, 1338, 1201, 1138,
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832 cm'; 'H-NMR (CDCL) & 8.83 (1H, dJ=2.4 Hz), 8.13 (1H, d}=2.4 Hz), 8.11 (1H, d}=2.4

Hz), 8.08 (1H, dJ=6.8 Hz), 7.96 (1H, dJ=6.8 Hz), 7.38 (1H, dJ=8.0 Hz), 2.87 (s)**C-NMR
(CDCl) & 150.0 (C), 144.2 (C), 137.0 (C), 134.8 (CH), 129.6 (CH), 123.8 (CH), 119.7 (CH),
119.4 (CH), 117.0 (CH), 19.6 (GH HRESIMSm/z calcd for GoH1oNzO, (M+H)* 228.0773,
found 228.0770.

Nitration of B-estradiol (9): B-estradiol(100 mg, 0.36 mmol) was nitrated with method B. After
workup, the crude nitro products was purified with silica column elw#d DCM:MeOH
(95:5). The hydroxy group was oxidized under these conditions.

2-nitroestrone (10)***(19.8 mg, 17%)]a 5’ +96.2 € 0.1, DCM); yellow powder (m. p. 178-
179 °C; lit. 178-180°C); (R = 0.56, 100% DCM) ; IR: 3078, 2928, 2857, 1736, 1631, 1525,
1479, 1433, 1374, 1310, 1263, 1053, 897, 734, 703 thNMR (CDCl) 6 7.99 (1H,s), 6.88
(1H,s), 2.97 (2H, m), 2.53 (1H, d&17.0, 8.3 Hz), 2.46 (1H, m), 2.31-1.97 (6H, m), 1.75-1.40
(8H, m), 0.91 (3H,s)}*C-NMR (CDC}) 8 220.1 (C), 153.0 (C), 148.9 (C), 133.2 (C), 131.7 (C),
121.7 (CH), 119.1 (CH), 50.5 (CH), 48.0 (C), 43.6 (CH), 37.8 (CH), 35.9)(C31.4 (CH),

29.8 (CH), 26.0 (CH), 25.8 (CH), 21.7 (CH), 13.9 (CH); HRESIMS m/z calcd for
C1gH2oNO,4 (M+H)™ 316.1549, found 316.1552.

2,4-dinitroestrone (11)M* (64 mg, 55%)]a [’ +90.1 € 0.1, DCM); yellow powder (m. p. 186-
188°C; lit. 185-188°C); (R = 0.4, 100% DCM); IR: 3350, 3008, 2987, 1734, 1631, 1532, 1345,
1308, 1259, 1061, 897 ¢m*H-NMR (CDCL) & 8.14 (1H,s), 2.88 (2H, m), 2.53 (1H, dd,
J=17.0, 8.3 Hz), 2.46 (1H, m), 2.31-1.97 (6H, m), 1.75-1.40 (8H, m), 0.91 (3ECSNMR
(CDCl) & 220.1 (C), 144.8 (C), 141.7 (C), 139.2 (C), 133.6 (C), 132.1 (C), 122.7 (CH), 50.0

(CH), 47.7 (C), 43.5 (CH), 37.0 (CH), 35.7 (§H31.2 (CH), 28.2 (CH), 25.8 (CH), 24.9
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(CHy), 24.8, 21.5 (Ch), 13.7 (CH); HRESIMS m/z calcd for GgH2iN,0g (M+H)* 361.1399,
found 361.1402.

Nitration of quinine (12): Quinine (100 mg, 0.31 mmol) was nitrated by method B. After
workup, the crude product was fractionated using solid phase extrd&RE-C18) and the
fraction eluted with HO:MeOH (80:20) was further purified on a Phenomenex Luna C8 250x22
mm, Sum Luna reverse-phase HPLC column using gradierdGBDH(0.1% TFA)/water (0.1%
TFA) with flow rate of 20 mL/min to gave the pure nitro analog.

Quinine (12): *H-NMR (d4-methanol)s 8.61 (1H, d,J=8.0 Hz), 7.90 (1H, dJ=8.0 Hz), 7.65
(1H, d,J=4.0 Hz), 7.36 (1H, s), 7.33 (1H, s), 6.23 (1HJe#.0 Hz), 5.65 (1H, m), 5.56 (1H, m),
4.82 (1H, m), 3.92 (3H, s), 3.65 (1H, m), 3.07 (2H, m), 2.63 (2H, m), 2.26 (1H, m)(2Hg2

m), 1.70 (1H, m), 1.52 (1H, m), 1.36 (1H, M}C-NMR (d4-methanol)s 159.5 (C), 150.6 (C),
148.0 (CH), 144.7 (C), 142.7 (CH), 131.4 (CH), 131.3, 128.0 (C), 123.2 (CH), 120.0 (CH),
119.9, 114.9 (Ch), 102.3 (CH), 72.2 (CH), 60.1 (CH), 57.7 (§H56.4 (CH), 44.1 (CH), 40.1
(CH), 29.2 (CH), 28.2 (Ch), 21.6 (CH).

11-nitro-10-hydroxyquinine (13): (63 mg, 53%);[a[; +133.0 ¢ 1, MeOH); yellow-orange
powder m. p. 167-176C); (R = 0.5, 100% DCM); IR: 3368, 3007, 2971, 2839, 1672, 1621,
1556, 1510, 1473, 1242, 1229, 1133, 1027, 834, 799 4NMR (d4-methanol) 8.95 (1H, d,
J=4.4 Hz), 8.25 (1H, dJ=7.7 Hz), 8.14 (1H, dJ}=10.9 Hz), 7.74 (1H, d}=10.0 Hz), 7.61 (1H,

s), 6.23 (1H, m), 4.50 (2H, 3=9.8 Hz), 4.29 (1H, m), 4.04 (3H, s), 3.88 (1H, m), 3.49 (1H, m),
3.25 (1H, m), 2.33-1.50 (6H, m¥®C-NMR (d4-methanol)s 162.9 (C), 162.5 (C), 162.3 (C),
157.0 (C), 142.4 (CH), 135.8 (C), 129.0 (C), 128.8 (CH), 124.7 (CH), 121.3 (CH), 119.3 (CH),

102.8 (CH), 98.9 (C), 89.0 (C), 81.5 (C), 79.2 ¢5H68.5 (CH), 67.1 (CH), 61.0 (CH), 57.4
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(CH), 53.6 (CH), 53.4 (CH), 45.5 (CH), 38.3 (C), 38.1 (Ch), 25.8 (CH), 25.5 (CH), 20.0
(CH,); HRESIMSm/z calcd for GoH26N30s (M+H)" 388.1872, found 388.1859.

Nitration of curcudiol (14): Curcudiol (100 mg, 0.423 mmol) and NapN@2 mg, 0.463 mmol)
were reacted by method A. After workup, the crude products weraepulif silica column
eluted withn-hexane:acetone (85:15).

Curcudiol (14): *H-NMR (CDCk) & 7.04 (1H, dJ=8.0 Hz), 6.70 (1H, d}=8.0 Hz), 3.14 (1Ht,
J=7.2 Hz), 2.25 (3H, s), 1.64-1.20 1.20 (8H, m), 1.20-1.18 (9HG}YNMR (CDCE) & 153.8

(C), 136.6 (C), 131.2 (C), 127.2 (CH), 121.7 (CH), 116.8 (CH), 72.2 (C), 43.9,(882 (CH-

»), 31.6, 31.3 (CH), 29.9 (G} 29.1 (CH), 22.6 (CH), 21.6 (CH).

4-nitrocurcudiol (15): (24 mg, 20%);[a |5 +8.3 € 0.2, MeOH); yellow powder (m. p. 108);

(Rf = 0.6, 7:3 hexane:EtOAc); IR: 3365, 3177, 3067, 2919, 2850, 2793, 2298, 1776, 1714, 1638,
1602, 1571, 1443, 1370, 1216, 1151, 1134, 1030, 997, 851, 814, 763HMNMR (CDCl) 6

7.51 (1H, s), 6.31 (1H, s), 3.00 (1H,m), 2.17 (3H, s), 1.6-1.2 (12H, m), 1.20 (6H, s)3H,12, (
J=5.3 Hz); **C-NMR (CDC}) § 187.4 (C), 150.8 (C), 148.3 (C), 146.1 (C), 129.6 (C), 119.5
(CH), 89.4 (C), 40.4 (Ch), 36.3 (CH), 31.5 (CH), 29.9 (CH}, 25.7 (CH), 21.9 (CH), 19.9
(CH,), 17.2 (CH); HRESIMSnVz calcd for GsH2,NO, (M-H)™ 280.1548, found 280.1541.
2,4-dinitrocurcudiol (16): (24 mg, 20%);[« S +10.1 € 0.1, MeOH) ; yellow powder (m. p.
125°C); (R = 0.3, 7:3 hexane:EtOAc); IR: 3329, 3013, 2928, 2863, 1705, 1618, 1585, 1518,
1453, 1420, 1374, 1288, 1228, 1150, 1108, 944, 909, 859, 775, 766HMMR (CDCk) &

8.20 (1H, s), 2.95 (1H,m), 2.12 (3H, s), 1.6-1.2 (12H, m), 1.16 (6H, s), 1.07 (3E5.8, Hz);
13C-NMR (CDCE) § 186.5 (C), 152.1 (C), 149.9 (C), 148.4 (C), 129.2 (C), 119.1 (C), 71.6 (C),
43.6 (CH), 36.6 (CH), 31.5 (CH), 29.1 (Ch), 25.7 (CH), 21.9 (CH), 19.9 (CH), 17.0 (CH);
HRESIMSnVz calcd for GsH21N206 (M-H)™ 325.1399, found 325.1392.
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Reductive N-alkylation of natural products scaffolds:

7-N-ethylaminomanzamine F (17): 7-nitromanzamine F 3( 21 mg, 0.034 mmol) and
acetaldehyde (2.0L, 0.040 mmol) were reacted by the general reductive alkylatethod (0.2

mL of DCM was added as a cosolvent). The reaction mixture straed for 1 h at room
temperature under nitrogen atmosphere. The crude product was purifidghen@nenex Luna
C8 250x10 mm, pm Luna reverse-phase HPLC column using gradientGBH (0.1%
TFA)/water (0.1% TFA) with flow rate of 6 mL/min to gave the @Nrethylamino analogz-N-
ethylaminomanzamine F:(19 mg, 91%);[a[J +17.2 € 0.1, MeOH); pale yellow powder; {R

= 0.5, 9:1 DCM:MeOH); IR: 3239, 3210, 3050, 2932, 2854, 2797, 1693, 1562, 1446, 1418,
1365, 1330, 1271, 1245, 1112, 1075, 823, 789*:diH-NMR (CDCkL) 6 8.46 (1H, dJ=7.6

Hz), 7.71 (1H, dJ=7.5 Hz), 7.35 (1H, d)=7.6 Hz), 7.03 (1H, dJ=7.6 Hz), 6.50 (1H, s), 5.53
(2H, m), 3.50 (1H, s), 3.44 (m), 3.01 (m), 2.60 (m), 2.40 (m), 2.35 (M), 2.34.(/M0)(m), 1.56
(m), 1.35 (3H, tJ=10 Hz);*C-NMR (CDCk) § 211.0 (C), 142.2 (C), 140.6 (C), 137.1 (CH),
137.7 (CH), 135.9 (C), 132.2 (CH), 131.9 (CH), 130.3 (C), 129.4 (C), 126.5 (C), 121.4 (C),
115.1 (CH), 112.4 (CH), 111.9 (CH), 109.4 (CH), 81.5 (CH), 70.1,JCH63.2 (CH), 55.9
(CH), 55.0 (CH), 51.1 (CH), 44.8 (CH), 38.2 (Ch), 35.8 (CH), 35.6 (CH), 34.7 (CH), 27.3
(CHy), 26.0 (CH), 25.3 (CH), 23.5 (CH), 20.8 (CH), 14.1 (CH); HRESIMS m/z calcd for
CasHsoNsOs (M+H)* 624.3913, found 624.3932.

10-N-ethylamino-11-hydroxyquinine (18): 10-nitro-11-hydroxyquinine 13, 50 mg, 0.129
mmol) and acetaldehyde (9ul, 0.155 mmol) were reacted by the general reductive alkylation
method The reaction mixture was stirred for 1 h at room temperatater nitrogen atmosphere.
The crude product was purified on a Phenomenex Luna C8 250x10 gnm[&na reverse-

phase HPLC column using gradient {0 (0.1% TFA)/water (0.1% TFA) with flow rate of 6
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mL/min to gave the purBl-ethylamino analoglO-N-ethylamino-11-hydroxyquinine: (23 mg,
47%); [« +140.9 ¢ 1, DCM); brown powder (m. p. 156-188); (R = 0.3, 100% DCM); IR:
3345, 3239, 3156, 3007, 2932, 1620, 1591, 1552, 1509, 1469, 1448, 1430, 1371, 1332, 1324,
1228, 1174, 1136, 1082, 1025, 988, 953, 827, 760, CArNMR (d4-methanol)s 8.95 (1H, d,
J=4.4 Hz), 8.20 (1H, d}=7.7 Hz), 8.14 (1H, d}=10.9 Hz), 7.74 (1H, d}=10.0 Hz), 7.61 (1H,

s), 6.27 (1H, m), 4.50 (2H, 3=9.8 Hz), 4.29 (1H, m), 4.06 (3H, s), 3.78 (1H, m), 3.49 (1H, m),
3.33 (1H, m), 2.99 (2H, ¢1=10.0 Hz), 2.33-1.50 (6H, m), 1.23 (3H,J£10.0 Hz);**C-NMR
(d4-methanol)s 162.0 (C), 162.5 (C), 162.3 (C), 157.0 (C), 142.4 (CH), 135.8 (C), 128.9 (CH),
128.8 (C), 124.7 (CH), 121.3 (C), 119.3 (CH), 102.8 (CH), 98.9 (C), 89.0 (C), 8d)5 1G.2
(CH,), 68.5 (CH), 61.0 (CH), 57.4 (GH 53.6 (CH), 53.4 (CH), 45.5 (CH), 44.0 (CH), 38.3
(CHy), 38.1 (CH), 25.8 (CH), 25.5 (CH), 20.0 (CH), 11.1 (CH); HRESIMS m/z calcd for
CooHaoN3O0s (M+H)* 386.2443, found 386.2424.

4-N-ethylaminocurcudiol (19): 4-nitrocurcudiol 15, 20 mg, 0.071 mmol) and acetaldehyde (5.0
uL, 0.085 mmol) were reacted by the general reductive alkylatiethod The reaction mixture
was stirred for 1 h at room temperature under nitrogen atmosphezecriitte product was
purified on a Phenomenex Luna C8 250x10 mpm3.una reverse-phase HPLC column using
gradient CHCN (0.1% TFA)/water (0.1% TFA) with flow rate of 6 mL/min tovgathe pureN-
ethylamino analog4-N-ethylaminocurcudiol (19): (13 mg, 64%);[«[, +4.7 € 0.05, DCM);
pale-yellow oil; (R = 0.7, 7:3 hexane:EtOAc);IR: 3402(brd), 3012, 2960, 2932, 2873, 2359,
2341, 1775, 1705, 1637, 1513, 1420, 1367, 1219, 1164, 1091, 1009, 987, §3tHaNMR
(CDCl) 8 6.50 (1H, s), 6.39 (1H, s),3.14 (2H, I Hz), 3.02 (1H,m), 2.13 (3H, s), 1.79-1.56
(12H, m), 1.47 (6H, s), 1.21 (3H, #5.3 Hz);"*C-NMR (CDC}) & 155.7 (C), 149.4 (C), 135.6
(C), 133.8 (C), 132.1 (C), 118.1 (CH), 89.4 (C), 43.1 {CHO0.1 (CH), 36.8 (CH), 31.6 (CH),
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29.5 (CH3), 25.4 (Ch), 22.2 (CH), 21.5 (CH), 20.6 (CH), 16.6 (CH), 12.8 (CH); HRESIMS
m/z calcd for G7H2gNO, (M-H) 278.2120, found 278.2131.

6-N-n-butylaminoharmane (20): 6-nitroharmane §, 50 mg, 0.220 mmol) and butyraldehyde
(24.0 uL, 0.264 mmol) were reacted by the general reductive alkylatiethad The reaction
mixture was stirred for 1 h at room temperature under nitrogen atmresghe crude product
was purified on a Phenomenex Luna C8 250x10 mum &una reverse-phase HPLC column
using gradient CECN (0.1% TFA)/water (0.1% TFA) with flow rate of 6 mL/min to gahe
pure N-ethylamino analog6-N-n-butylaminoharmane (55 mg, 98%); brownish oil; (R= 0.6,
100% DCM); IR: 3258, 3012, 2941, 2587, 2079, 1664, 1637, 1534, 1490, 1428, 1402, 1336.93,
1319, 1286, 1266, 1206, 1179, 1131, 1118, 1054, 990, 836, 820, 794, 751, 742;73A@-cm
NMR (CDCL) & 8.26 (1H, d,J=8.0 Hz), 7.74 (1H, dJ=7.8 Hz), 7.29 (1H, dJ=8.0 Hz), 7.25
(1H, d,J=8.0 Hz), 6.90 (1H, dJ=8.0), 3.19 (2H, tJ=7.6 Hz), 2.75 (s), 2.43 (2H, 3=7.6 Hz),
1.66 (2H, q,J=8.0 Hz), 1.43 (2H, pJ=8.0 Hz), 1.00 (3H, tJ=8.0 Hz);*C-NMR (CDCE) &
143.2 (C), 141.7, 136.9 (CH), 135.4 (C), 134.5 (C), 128.4 (C), 122.9 (CH), 118.3 (CH), 113.2
(CH), 112.7 (C), 102.8 (CH), 45.1 (GH 32.0 (CH), 20.6 (CH), 21.0 (CH), 14.2 (CH).
HRESIMSnVz calcd for GeHaoNs (M+H)* 254.1657, found 254.1649.
2,2N,N-dimethylaminoestrone (21): 2-nitroestrone 10, 20 mg, 0.062 mmol) and
formaldehyde (17.L, 0.140 mmol) were reacted by the general reductive alkylatethad (0.2
mL of DCM was added as a cosolvent). The reaction mixture straed for 1 h at room
temperature under nitrogen atmosphere. The crude product was purifidéghen@nenex Luna
C8 250x10 mm, pm Luna reverse-phase HPLC column using gradientGBH (0.1%

TFA)/water (0.1% TFA) with flow rate of 6 mL/min to gave the @uanalog.2,2-N,N-

dimethylaminoestrone: (17 mg, 88%);[« |5 +148.8 ¢ 1, DCM); yellow powder (m. p. 162-165
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°C); (R = 0.4, 100% DCM); IR: 3362, 3016, 2928, 2862, 2784, 1737, 1581, 1502, 1453, 1260,
1081, 801 crif; *H-NMR (CDCL) & 7.07 (1H,s), 6.66 (1H,s), 2.61 (6H, s), 2.53 (1H,XHd,7.0,
8.3 Hz), 2.46 (1H, m), 2.31-1.97 (6H, m), 1.59-1.23 (8H, m), 0.89 (3HEINMR (CDCk) &
221.0 (C), 149.3 (C), 138.3 (C), 134.1 (C), 131.1 (C), 117.4 (CH), 113.8 (CH), 50.4 (CH), 48.0
(C), 45.3 (CH), 44.2 (CH), 38.3 (CH), 35.8 (Cbj, 31.5 (CH), 29.6 (Cb), 29.2 (CH), 26.5
(CH,), 26.1 (CH), 21.5 (CH), 13.8 (CH); HRESIMS m/z calcd for GoHygNO, (M+H)*

314.2120, found 314.2101.
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antiprotozoal activity. The natural latrunculins showed significant hioactivity, while the semisynthetic
analogs did not, Docking studies of these analogs into the X-ray crystal structure of G-actin showed that,
in companson with latrunculins A and B, N-alkylated latrunculins did not dock satisfactonly. This sug-
gests that the analogs do not fit well into the active site of G-actin due to steric clashes and provides
an explanation for the absence of bioactivity.

Published by Elsevier Ltd.

1. Introduction

Latrunculins are architecturally unique marine metabolites
which were first isolated from the Red Sea sponge Negombata mag-
nifica (formerly Latruncilin magnifica)." Coral reefs of the Red Sea
are densely populated with colonies of the N. magnifica sponge,
which are apparently free from predation due to chemical de-
fense.” Squeezing this sponge leads to a secretion of a reddish fluid
which has been shown to cause poisoning in fish. A detailed study
of this excretion by Kashman's group led to the discovery of latr-
unculins, which are 14- and 16-membered lactones and the first
natural products known to contain a 2-thiazolidinone moiety, 1-
4 (Fig. 1)~ These macrolides were also later found in taxonomi-
cally unrelated organisms from different geographic locations, sig-
nifying that the actual producer or origin of these curious
secondary metabolites could be symbiotic microbes.*

Over the past years macrolides of marine source have continued
to be of interest due to their varied biological activities. In addition
to the significant ichthyotoxic properties, the latrunculins are also
cytotoxic to tumor cells and antiviral.® The significant physiologi-
cal properties of latrunculins has led to their extensive utilization

* Corresponding author, Tel: +1 662 915 5930: fax: #1 662 915 6975,
E-mail address: mthamann@olemissedu (M. T. Hamann).

(968-0896/% - see front matter Published by Elsevier Ltd.
doi: 101016 . bme 20089.09.012

as biochemical tools. Latrunculins alter cell shape and inhibit the
microfilament mediated processes of meiosis, fertilization, early
development, force development in muscles, and even influence
protein kinase C signaling.® These metabolites play an important
interfering role in actin polymerization” and cytoskeletal coordina-
tion which are essential in cell locomotion and many forms of
motility, induding phagocytosis and cytokinesis. Actin-binding
proteins control the contractile machinery of smooth muscle cells
and play a significant role in controlling the structural framework
that surrounds and supports the contractile apparatus. Actin-bind-
ing proteins regulate the dynamic equilibrium that exists between
actin monomers (G-actin) and actin polymers or filaments (F-ac-
tin). A recent reportshows that aging skin appears to look younger
when treated with this type of metabolite.® It was shown that the
increasing volume of filamentous F-actin fibers is a major source of
the stiffness of human epithelial cells and repairing the elasticity in
skin cells can be achieved by chemically halting F-actin polymeri-
zation. The treatments evaluated contained compounds known to
intervene with F-actin polymerization such as cytochalasin B, cyto-
chalasin D, and latrunculins A and B. These studies furnish insight
and potential for both biological and pharmaceutical applications
for these natural products. Skin treated with cytochalasin B pro-
gressively became softer with fewer wrinkles® Recent progress
in the study of actin interaction with small marine molecules
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prompted our design and synthesis of modified analogs. Previous
studies have focused on the synthesis of analogs with an aromatic
and sulfonyl functional group attached at the hydroxy group. The
majority of these analogs were surprisingly inactive against vari-
ous cancer cell lines as well as bacteria and protozoa. These data
have shown that the pyran ring hydroxy group is clearly essential
for cytommxicity and actin binding®

In this study, we report the synthesis and biological evaluation
of a small series of N-alkyl, O-methyl derivatives of latrunculin B
having a varying-length carbon chain substituted at the nitrogen
of the thaizolidinone moiety. Since previous studies have shown
the importance of a free hydroxy group for the biological activity,
we also carried out hydrolysis of the protected hydroxy group of
the N-decyl, O-methyl derivative to check if protection of this OH
in the molecules was responsible for the weaker activity. We used
computational docking studies to study the predicted binding
mode of the newly synthesized analogs to G-actin.

2. Results and discussion
2.1. Natural latrunculins isolation

Analysis of the crude extract of N magnifica by TLC indicated the
presence of latrunculin B and other related metabolites. Flash col-
umn chromatography (normal-phase) of the methanol/dichloro-
methane extract provided several fractions. After several
extensive chromatographic steps, 2 was afforded as the major
metabolite as well as 1, 3, and 4 as minor metabolites. Compounds
1-4 were identified by comparison of their spectroscopic proper-

ties to those in the literature 21011

2.2, Synthesis of N-alkylated analogs
Synthetic derivatives were prepared using latrunculin B (2) as a

starting material. Latrunculins are known to be highly sensitive to
both acidic and basic conditions.'* This instability can be consider-

ably reduced through the acetalization of the lactol functionality
by protection of the hydroxy group of the tetrahydropyran (THP)
ring. This protection was accomplished through the treatment of
2 with methanol in the presence of a catalyticamount of boron-tri-
fluoro-etherate to yield 5 (Scheme 1). N-Alkylation of thiazolidine
ring was then carried out on the amidic nitrogen of 5 by using so-
dium hydride in the presence different alkyl halides in tetrahydro-
furan (THF) under nitrogen atmosphere (Scheme 1) The N-
alkylated products (6-11) were confirmed by 'H NMR data in
which N-alkylation was confirmed by the absence of an N-H peak
at 5.90 ppm. N-Decyllatrunculin B (12) was obtained by the cata-
Iytic acid hydrolysis of the acetal functionality in 11.

2.3. Biological testing

The isolated compounds 1-4, O-methylated latrunculin B (5)
(Table 1), and N-alkylated derivatives (6-12) were evaluated for
anti-fungal and anti-protozoal activity (Saccharomyces cerevisiae
NRRL Y-2034, Aspergillus flavus NRRL 501, and Candida albicans)
using the twofold dilution method." Latrunculin T (4) was found
to be more active than other isolated latrunculins against 5. cerevi-
siae NRRL Y-2034 (MIC = 32 pg/M). Latrunculin A (1) was found to
be active against C albicans (MIC = 60 ug/M), and A. flavus NRRL
501 (MIC = 60 pg/M). The alkylated latrunculin B derivatives 5-
12 were evaluated for antimalarial and antimicrobial activity but
were found to be inactive.

24. Actin docKing studies

2.4.1. Actin X-ray structure

To check the effect of the substitutions on G-actin docking and
by implication on actin binding, stepwise docking studies were
carried out, Docking of latrunculins A and B has been reported re-
cently by Fiirstner et al."® using AUTODOCK followed by optimiza-
tion. Firsmer et al used 1ESV," a complex of actin with
latrunculin A (2.00 A resolution), for their docking studies. How-

b
—
R=6: Methyl 9: Octyl R =12: Decyl
7: Pentyl  10: Nonyl
8: Hexyl 11: Decyl

Scheme 1. Synthesis of the N-alkyl derivatives of latrunculin B. Reagents and conditions: {a) BF3-OEtz, MeDH, rt; (b) NaH, THF, R-X, 0°C, rt; () concd Hz504 (10 pL), THF, rt;

(d) Hz0.
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Table 1
GOLD docking scores for the latrunculin B analogs

fees

O
(0]
OR
0
H
R,-HN
5
(8]
Analog E R, GOLD Score
2 H H 70.2
5 Me H 48.0
[ Me M thyl 21.7
7 Me Pentyl 18.1
8 Me Hexyl 211
] Me Octyl 3.1
w0 Me Nonyl 28.5
1n Me Decyl 321
12 H Decyl 355

ever, one of the active site amino acids showing hydrogen bonding
interaction with the ligand, Glu207, is not resolved in 1ESV. Hence,
docking into that crystal structure is unreliable. We instead used
an alternative co-crystal structure of latrunculin A in actin,
1RDW (2.30 A),"® in our work.

2.4.2. Latrunculins A (1) and B (2)

As part of our research on latrunculins reported recently,'”
GOLD'® was able to dock 1 into the G-actin ATP binding site in a
manner similar to that of the actin-latrunculin A co-crystal struc-
tures. Merging of the docked pose with the protein structure
extracted from the crystal structure and minimization of the com-
plex resulted in the same hydrogen bonding and van der Waals
interactions as those in the crystal structure. Compound 2, using
the same procedure for docking and minimization, yielded a very
similar pose to that of 1. All the hydrogen bonding interactions
observed in the X-ray co-crystal structure of 1 in actin were
reproduced for 1 and for 2 as well (Fig. 2). The overlay of the two
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latrunculins with the crystal structure is shown in Figure 3, The
docking scores (Table 1) were 90.7 (1) and 70.0 (2) for the two mol-
ecules. The binding energies calculated were —84.8 and —74.5 kaal/
mol for 1 and 2, respectively.

2.4.3. 0-Methylated latrunculin B (5)

In this work, latrunculin B was then modified by replacing the
hydroxy group on the pyran ring with methoxy to obtain O-meth-
ylated latrunculin B (3). The docking pose obtained for 5 was rea-
sonably similar to that of 1 and 2. The docking score for this analog
was 48.0 while that of 2 was 70.2. The ligand was then merged into
the active site and minimization was carried out. The binding en-
ergy was calculated to be —-53.1 kcal/mol, so it is predicted not to
bind as well as 2. The final minimized binding pose of 5 is shown
in Figure 4. Minimization of the complex resulted in the side chain
of the Glu207 residue moving by =:0.71 A and that of Tyr69 moving
by =1.2 A away from their original position in the crystal structure.
Hence we predict that the O-methylated analog will best bind to

Figure 3. Optimized binding pose of latrunculin A (1) (ball-and-stick, C cyan) and
latrunculin B (2) (ball-and-stick, C green) in actin (red ribbon mode) shown
overlapped with 1 from 1RDW (ball-and-stick, € gold); key H-bonds are shown
(pink dashed lines).

o-H

.

Thr186

Figure 2. Schematic representation of the non-bonding interactions shown by latrunculin B (2) (left) and compound 6 {right) with actin.
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Figure 4. Optimized binding pose of O-methylated latrunculin B (5 (ball-and-stidk,
C bluegreen) in actin (red ribbon mode), shown overlapped with optimized
latrunculin A (1) (ball-and-stick, € gold, from 1RDW pdb); key H-bonds are shown
(pink dashed lines) Glu207 and Tyr69 residues have moved away from the binding
site compared to the aystal structure,

the actin active site if there is some movement of active site resi-
due side chains. The methyl substitution pushed the ligand slightly
away from the location of 2 in its docked pose. All the hydrogen
bonding interactions observed in the X-ray co-crystal structure of
1 in actin were also seen for 5 except for that with Glu207, which
is to the pyran ring hydroxyl in 1.

2.4.4. N-Alkylated latrunculins

Each of the semi-synthetic latrunculins (6-12) were docked
into the active site using the same procedure, GOLD produced 10
different conformations for each molecule. Depending upon the
position of the five-membered thiazolidinone ring and macrocyclic
lactone ring, all the docked conformations collectively could be di-
vided into three different clusters. Representatives of the three dif-
ferent docking poses are shown in Figure 5. In all clusters, the
thiazolidinone ring moved away from the binding pocket it occu-
pies for 1 or 2, and in the pose shown in Figure 5a the pyran ring
also was greatly displaced. One of the docked conformations
(shown in Fig. 5c) was closest to the crystal structure. However,
only two of the hydrogen bonding interactions, observed for 1
bound into G-actin in 1RDW, were reproduced: the carbonyl oxy-
gen was found to be H-bonded to Thri86 and the pyran ring O
showed H-bonding interaction with Tyr9. Figure 2 illustrates that
methylation of the amidic nitrogen and the hemiacetal functional-
ity in 6 resulted in loss of two hydrogen bonding interactions, with

Asp157 and Glu207, respectively, while the hydrogen bonding
interactdons with Tyr69 and Thri86 and hydrophobic interactions
with Leul6, Pro32, lle34, and Leu67 found for 2 were maintained
for 6. The macrocyclic ring was found to be shifted also. In the
two other cases { Fig 5a and b), it was obvious that GOLD was
not able to dock these molecules into the active site of G-actin.
The docking scores for the N-alkylated latrunculins are shown in
Table 1. In comparison with latrunculins A and B, 6-12 showed
very low scores between 18 and 36, suggesting that these mole-
cules have extremely low binding affinity toward G-actin, The
docking poses show that they would not be able to fit well into
the active site of G-actin due to steric clashes, There is a slight in-
crease in docking score with increase in alkyl chain length but this
can be attributed to the increase in van der Waals binding of the
alkyl sidechain with hydrophobic groups away from the thiazolid-
inone binding pocket and in fact the longer side chains make it
harder for the N-alkylated latrunculins to fit into the actin binding

pocket.
3. Conclusions

We have synthesized O-methylated-N-alkylated-latrunculin B
analogues and evaluated their cytotoxicity and antimicrobial activ-
ity. The docking studies demonstrated why free NH and OH groups
of latrunculin B (2) are essental to have any activity for the above
synthesized compounds. The O-methylated 5 had reduced binding
to G-actin since it had one fewer hydrogen bond. The O-methyl-
ated-N-alkylated analogues could not fit into the G-actin latruncu-
lin binding pocket

4, Experimental
4.1. General experimental procedures

The "Hand "C NMR spectra were recorded in CDCl; on a Bruker
DRX NMR spectrometer operating at 400 MHz for 'H and 75 MHz
for '*C. Chemical shift (5) values are expressed in parts per million
(ppm) and are referenced to the residual solvent signals of CDCls,
Optical rotations were measured with a JASCO DIP-310 digital
polarimeter. The high resolution ESI-MS spectra were measured
using a Bruker Daltonic (GmbH, Germany) micro-TOF series with
electrospray ionization.

4.2. Isolation and characterization
The specimen of the sponge N. magnifica utilized for this study

was collected by SCUBA at a depth of 15 m off Hurghada in the
Egyptian Red Sea. The sponge material was frozen immediately

c

Fgure 5 Three different binding pose clusters predicted by GOLD for N-alkylated latrunculin B analogs (represented by (a) 6: (b) 10; and (¢)) 11. The images portray that
these analogs do not bind to the active site in a similar pose to those of 1(X-ray structure shown, € green) and 2. One of the docked conformations, (c), was the closest to the
pose of 1 in the crystal structure, though even in that case not all the hydrogen bonding interactions observed in TRDOW were reproduced.
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and kept frozen at — 20 °C until processed. The voucher specimen is
deposited at the Zoological Museum of the University of Amster-
dam, under the registration no. ZMAPOR 18968. The sponge occurs
as branching, red colored colonies at a depth of 6.0-15.0 m. Colo-
nies of these sponges grow attached to exposed rocks or descend-
ing rocky slopes. Single branches usually measure 30-40 cm long
and 1.5-2.0cm thick. The sponges (in the dried state) are erect
and composed of short, curved, flanged, narrow fans of different
lengths with a restricted base of attachment. Surface textures of
dry sponges are fibrous and roughened. The specimen of sponge
viewed microscopically revealed that megascleres are arranged
uniformly within fibers and clearly differentiated into primary
and secondary tracts. The sponge material was identified and con-
firmed by Professor Rob W. M. VanScest, Faculty of Science, Zoo-
logical Museum, Amsterdam. The sponge sample was freeze-
dried (1kg dry weight), ground and extracted with a mixture of
MeOH/CH;Cl; (1:1) (3 = 2 L) at room temperature. The extract
was evaporated under vacuum to give 250 g of red oil. This extract
was subjected to vacuum liquid chromatography on flash silica
using hexane, ethyl acetate, and methanol gradient. Fractions
eluted from 30% to 60% ethyl acetate in hexane were combined
and concentrated to afford 60 g of material. Purification of this
fraction was carried out by flash column chromatography on silica
gel using hexaneethyl acetate (85:15). Relatively non-polar frac-
tions were combined. Final purification was carried out on RP-
C18-HPLC using a mobile phase consisting of acetonitrile and
water {60:40 v{v) to afford 1 (5 mg), 2 (4g),and 3 (2 mg).

The polar fractions were combined and rechromatographed by
flash column chromatography on silica gel using 2% methanol in
chloroform. Final purification was carried out on sephadex LH-20
using methanol/chloroform (1:1) to afford 4 (14 mg).

4.3. Acetalization of 2

To a solution of 2 (0.395 g 0.001 mmol) in MeOH, a catalytic
amount of Et;0-BF; was added. The mixture was stirred overnight
and was neutralized with 10% ag.NaHCO; solution. The crude prod-
uct was extracted with DCM (3 = 30 mL)and the organic layer was
dried over anhydrous Na,S0, then evaporated under reduced pres-
sure. The residue was purified by silica column (9:1 hexane/
acetone).

4.3.1. 15-MethoxyLat B (5)

(0327 g, 80%); (2]’ 23.9 (c 0.11, MeOH); '"H NMR (CDCls) &
(ppm): 5.9 (s, NH), 5.70 (s, 2-H), 517 (br s, 13-H), 5.25 (td,
J=11.4, 3.3, 6-H), 5.05 (cd, J=11.4, 1.6, 7-H), 42 (br ¢, =114,
11-H), 3.80 (dd, [ =12.0, 2.2, 16H), 3.40 (dd, J=12.0, 2.2, 17-H),
3.29 (s, OCHs), 2.75-1.0 (m, 5,5, 44', 99", 10,10, 12,12, 14,14~
H), 1.90 (s, 20-CHy), 0.90 (s, 19-CH;). HRMS mjz caled for
CyyHaxNOsS (MH+H") 410.2001, found 410.1997.

4.4. Alkylation of nitrogen of the thiazolidinone

To a suspension of sodium hydride (0.062 mmol) in dry THF,
was slowly added methoxy Lat-B (0.045 mmol) at 0 °C. The mix-
ture was stirred for one hour, then alkyl halide (2.4 mmol) was
added and the reaction mixture stirred for 6-8 h under nitrogen
atmosphere. Ether and water were added and the organic layer
was dried over anhydrous Na,S0,. The residue was purified by col-
umn chromatography to yield pure N-alkyl derivative of Lat-B.

4.4.1. 15-Methoxy-N-methyl-Lat B (6)

(10 mg, 53%); [¢7 272 (c 0.11, MeOH); 'H NMR (CDCL) &
(ppm}: 5.70 (s, 2-H), 5.17 (br s, 13-H), 5.25 (td, J=11.4, 3.3, 6-H),
505 (td, J=11.4, 1.6, 7-H), 424 (br ¢, J=11.4, 11-H), 3.80 (dd,
J=12.0, 2.2, 16-H), 3.40 (dd, J=12.0, 2.2, 17-H), 3.29 (s, OCHs),

3.20 (s, N-CH3), 2.75-1.00 (m, 55', 44, 9.9, 10,10, 12,2', 14,14~
H), 1.90 (s, 20-CHi;), 0.90 (s, 19-CH:). HRMS m/z calcd for
CazHy3NOsSNa (M+Na") 446.1977, found 446.1981.

4.4.2. 15-Methoxy-N-pentyl-Lat B (7)

(11 mg, 52%) (203 221 (c 0.11, MeOH); 'H NMR (CDCly) &
(ppm) 5.70 (s, 2-H), 5.17 (br s, 13-H), 5.25 (td, | = 11.4, 3.3, 6-H),
505 (td, [=11.4, 1.6, 7-H), 424 (br t, [ =114, 11-H), 3.80 (dd,
J=120, 2.2, 16-H), 3.40 (dd, J=12.0, 2.2, 17-H), 3.29 (s, OCHs),
3.15 (t, N-CH3), 2.75-1.0 (m, 5,5, 44, 9.9, 10,10, 12,12, 14,14~
H, CHy and (CHy)3), 1.91 (s, 20-CH;), 0.92 (s, 19-CH;). HRMS my/z
caled for CagHay NOsSNa (M+Na') 502.2603, found 502.2611.

4.4.3. 15-Methoxy-N-hexyl-Lat B (8)

(11 mg, 51%); (%7 275 (c 0.11, MeOH); "H NMR (CDCL) &
(ppm) 5.70 (s, 2-H), 5.17 (br 5, 13-H), 5.25 (td, | = 11.4, 3.3, 6-H),
5.05 (td, j=11.4, 1.6, 7-H), 4.24 (br t, J=11.4, 11-H), 3.80 (dd,
J=12.0, 22, 16-H), 3.40 (dd, j=12.0, 2.2, 17-H), 3.29 (s, OCHs),
3.19 (s, N-CHz), 2.75-1.00 (m, 55', 44,99, 10,10, 12,12, 4,14
H, CHsz and (CH)4), 190 (s, 20-CHs), 0.90 (s, 19-CHs). HRMS myz
caled for CozHgaNOsSNa (M+Na*) 516.2760, found 516.2769.

4.4.4. 15-Methoxy-N-octyl-LatB (9)

(12 mg, 52%); [:t|u’5 29.8 (c 0.11, MeOH); '"H NMR (CDCL) &
(ppm) 5.70 (s, 2-H), 517 (br s, 13-H), 5.25 (td, ] = 11.4, 3.3, 6-H),
5.05 (td, J=11.4, 1.6, 7-H), 424 (br t, /=114, 11-H), 3.80 (dd,
J=12.0, 2.2, 16-H), 3.40 (dd, f=12.0, 2.2, 17-H), 3.29 (5,0CH;),
3.21 (g, N-CH,), 2.75-1.00 (m, 55/, 44, 99, 1010, 12,12, 14,14~
H, CH3 and (CHa)g), 190 (s, 20-CHs), 0.90 (s, 19-CHs). HRMS m/z
caled for CaaHgy NOsSNa (M+Na*) 544.3072, found 544.3083.

4.4.5. 15-Methoxy-N-nonyl-Lat B (10)

(13 mg, 55%); [« 27.2 (c 0.11, MeOH); 'H NMR (CDCly) &
(ppm) 5.70 (s, 2-H), 5.17 (br s, 13-H), 5.25 (td, ] = 11.4, 3.3, 6-H),
505 (td, J=11.4, 1.6, 7-H), 4.24 (br t, [ =11.4, 11-H), 3.80 (dd,
J=12.0, 2.2, 16-H), 3.40 (dd, J=12.0, 2.2, 17-H), 3.29 (s, OCHz),
3.21 (t, N-CHy), 2.75-100(m, 55, 44, 9,9, 10,10°, 12,12, 14,14~
H, CH1 and (CHa)7), 190 (s, 20-CH;), 0.90 (s, 19-CH;). HRMS m/z
caled for CaoHaeNOsSNa (M+Na') 558.3229, found 558.3234.

4.4.6. 15-Methoxy-N-decyl-Lat B (11)
(12 mg, 50%)% (=07 311 (c 0.11, MeOH); 'H NMR (CDCL) &
(ppm) 5.70 (s, 2-H), 5.17 (br s, 13-H), 5.25 (td, J = 11.4, 3.3, 6-H),
5.05 (td, J=11.4, 1.6, 7-H), 42 (br t, J=11.4, 11-H), 3.80 (dd,
J=120, 2.2, 16-H), 3.40 (dd, J=12.0, 2.2, 17-H), 3.29 (s, OCH,),
3.21 (g N-CHj), 2.75-1.00 (m, 5,5, 4,4, 9.9', 10,10, 12,12, 14,14~
H, CH, and (CH,)g), 190 (s, 20-CH,), 0.90 (s, 19-CH,). HRMS m/z
caled for CyyHs; NOsSNa (M+Na*) 572.3385, found 572.3377.

4.5. Hydrolysis of (11)

To a solution of 11 (0.062 mmol) in dry THF, H;504 (20 pmL)
was added at room temperature. The mixture was stirred for one
hour under nitrogen atmosphere, then poured into HzO (10 mL).
The crude product was extracted with ether (3 x 10 mL) and the
organic layer was dried over anhydrous Na;S0,. The residue was
purified by column chromatography to yield pure N-decyl deriva-
tve of Lat- B (12).

4.5.1. N-Decyl-Lat B (12)

(8 mg, 24%); [z 19.1 (c 0.11, MeDH); "H NMR (CDCl;) 4 (ppm)
5.70 (s, 2-H),5.17 (br s, 13-H), 5.25 (ud, J = 11.4, 3.3, 6-H), 5.05 (td,
J=11.4,1.6,7-H),4.2(brt,J = 11.4, 11-H), 3.80(dd, [ = 12.0,2.2, 16-
H), 2.40 (dd,J = 12,0, 2.2, 17-H), 3.21 (t, N-CH;), 2.75-1.00 (m, 5,5,
4.4, 99,10,10, 12,12, 14,14'-H, CH; and (CHy)g), 1.90 (s, 20-CH,),
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090 (s, 19-CH;). HRMS m/z caled for CygHyaNOsSNa (M+Na')
558.3229, found 558.3221.

5. Computational details

Hydrogen atoms were added to the protein crystal structure
complex containing actin, ATP and latrunculin A and the resultant
structure was used for the docking studies with GOLD 2.0."® For
docking, the active site of the protein was defined as the pocket
formed by atoms within a 10A sphere centered on the O of
Glu207, which is involved in H-bonding to the ligand. For each
docking run, GOLD's gepetic algorithm was used to generate
100,000 solutions. The number of populations was set to 5. The
selection pressure was 1.1. Two different scoring functions were
used for the docking studies: GOLD Score and ChemScore. Both
the scoring functions produced a similar docking conformation,
so we reported only the GOLD Scores (higher score implies better
binding). The docked conformation was merged into the binding
cavity and the complex was then minimized in svev. 7.2'" using
the MMFF94 force field and charges, including only residues having
any atom within an 8 A sphere of Glu207 in the minimization (this
included ATP). The binding energy (lower energy implies better
binding) of ligands was calculated using the formula:

Ehndmg = -Eoom_pla - (Epromm + Ehgand)-
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