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Abstract

This thesis is separated into three sections:

1) Slight changes in the chemical structure of haemanthamine greatly influence the

effect of the derivatives on rumen fermentation in vitro

Nine compounds (i-ix) were synthetized from the natural alkaloid haemanthamine and tested
in vitro for their effects on rumen protozoa and fermentation parameters. Our results showed
that acetate, butyrate, pivalate or hexanoate derivatives of haemanthamine or
dihydrohaemanthamine (v) gave compounds that had significant differences in their effect

on rumen fermentation.

OMe i R=Me
‘ ii R=t-Bu
O yaO g fiiR=nPr
< H NJ 27/ iv R= n-C5H11
O

OMe vi R= Me
’ vii R= t-Bu
O 71, a0 R viii R= n-Pr
{ O H N\T zf ix R= n-CgHy
0

2) Synthesis of zephycandidine A from haemanthamine

Zephycandidine A (x) the first naturally occurring imidazo[1,2—f]phenanthridine alkaloid,
isolated from Zephyranthes candida (Amaryllidaceae) was prepared in three steps from the

naturally occurring alkaloid haemanthamine.

3) Quorum sensing N-Acyl homoserine lactones are a new class of anti-schistosomal

agents



Through evaluating and screening fourteen compounds (initially developed for anti-cancer
and anti-viral projects) against Schistosoma mansoni, one of three species responsible for
most cases of human schistosomiasis, a racemic N-acyl homoserine derivative demonstrated
good efficacy against all intra mammalian lifecycle stages including schistosomula (EC50 = 4.7
UM), juvenile worms (EC50 = 4.3 uM) and adult worms (EC50 = 8.3 uM). To explore structural
activity relationships, a further 8 analogues of this initial compound (xi-xx) were generated,
including the separate (R)- (xv) and (S)-enantiomers (xvi). Anti-schistosomal screening of
these analogues demonstrated that the (R)-enantiomer retained activity, whereas the (S)-
was far less activity. Furthermore, modification of the lactone ring to a thiolactone ring
improved potency against schistosomula (EC50 = 2.1 uM), juvenile worms (EC50 = 0.5 uM)
and adult worms (EC50 = 4.8 uM). As the effective racemic parent compound is structurally
similar to quorum sensing signalling peptides used by bacteria, further evaluation of its effect
(along with its stereoisomers and the thiolactone analogues) against Gram+ (Staphylococcus
aureus) and Gram- (Escherichia coli) species was conducted. While some activity was
observed against both Gram+ and Gram- bacteria species for the racemic compound (MIC
125 mg/L), the (R)-stereocisomer had better activity (125 mg/L) than the (S) (>125mg/L).
However, the greatest antimicrobial activity (MIC 31.25 mg/L against S. aureus) was observed

for the thiolactone containing analogue.
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Chapter 1

“Slight changes in the chemical structure of haemanthamine greatly
influence the effect of the derivatives on rumen fermentation in

vitro”

Eva Ramos-Morales, Jamie Tibble-Howlings, Laura Lyons, Magnus O.
Ogbu, Patrick J. Murphy, Radek Braganca and Charles James
Newbold.

Sci Rep 9, 2440 (2019). https://doi.org/10.1038/s41598-019-38977-x



Introduction

The daffodil family contains a series of alkaloids known as the amaryllidaceae alkaloids
(amaryllidaceae being the family of flowering plants, perennials that grow from bulbs),
including norbelladine 1, galanthamine 3, norpluvine 5, lycorine 6, haemanthamine 7. Each of
these alkaloids has a similar biosynthetic pathway, coming from L-phenylalanine and L-
tyrosine (Scheme 1). Galanthamine 3 coming from an ortho-para coupling, haemanthamine
7 coming from a para-para free radical coupling and lycorine 6 from a para-ortho free radical

coupling (Scheme 1).
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Scheme 1: The biosynthetic pathway of some of the amaryllidaceae alkaloids.



Over the years the Murphy group? has investigated the isolation and derivatisation
of haemanthamine 7 (Figure 1), and its synthetic product of hydrogenation,

dihydrohaemanthamine 8 (Figure 2).

OMe

Figure 1: Haemanthamine 7. Figure 2: Dihydrohaemanthamine 8.

A number of compounds have already been synthesised; these include compounds

9-162 (Figure 3).

9 R=Me

10 R=tBu

11 R= n-Pr

12 R= n-C5H11

13 R= Me

14 R= t-Bu

15 R=n-Pr

16 R=n-CzH4,4

Figure 3: Compounds 9-16.

Haemanthamine can be extracted from the crude residues of an industrial
galantamine extraction procedure (Figure 4), implemented by Agroceutical Products LTD.
Previous work from Ogbu3, Bernitzky*, Seabrook! and Feil®> gave methodology for extraction
of haemanthamine (ca. 8-12% of total alkaloids remaining) from this residue, including some
methods that were abandoned, such as using supercritical CO,,> which yielded poor results.
During the research of Ogbu a more effective extraction method was discovered and
implemented for extraction of haemanthamine from the crude source, and this method is
outlined in the experimental section of this report. Experimentation into this method
concluded that some of these steps were unnecessary and the process could be simplified, as

well as certain material components being unnecessary for the extraction. NMR spectroscopy
4



and TLC analysis determined that the haemanthamine extracted in the modified method
yielded haemanthamine of higher purity, with fewer consumables and, therefore, an overall

cheaper and easier process.

Figure 4: Crude runoff from galantamine extraction.

The extraction method used within the group used many unrecyclable materials such
as Celite®, silica and filter papers, the aim of this project was to minimise these unnecessary
expenditures while maximising the haemanthamine isolation. Experimentation into the
extraction gave rise to the conclusion that the use of Celite® was not necessary and was only
adding to the cost of the extraction, the same result could be accomplished by a sheet of filter
paper via vacuum filtration or a plug of cotton wool using gravity filtration. These first insights
were the driving force for the continuation of this project, making minor modificiations to find
the best method possible. It was also discovered that the volumes of solvents in this
extraction were excessive, from the volume of chloroform used to the volumes of
recrystallization liquors. Thus, reducing the excessive use of these gave a more manageable
system and recycling of these solvents gave way to an easy and fast extraction procedure that
costs very little to undertake. The quantity of base used in the experiments was also altered
but found to be only slightly in excess, this being one of the only materials not recyclable in

the process.

Compounds 9-16 were synthesised for a previous project? and tested as to their
effectiveness against protozoan organisms, and for their potential to reduce methane
production in the rumen of farmed cattle®. This work was performed in collaboration with the

research group of Professor J. Newbold at Aberystwyth University.



It is estimated that dairy cattle in the UK produce around 230,000 tons of methane
gas from flatulence each year’. Cows belong to the class of mammal called ruminants; these
mammals all store their ingested food in the first chamber of their stomach, called the rumen.
The rumen in these animals contains many bacterial microorganisms, some of which produce
methane as a by-product®. Methane escapes from the cattle in the form of belching and/or
flatulence, travelling into the atmosphere and becoming trapped there. Methane gas is
known as a ‘greenhouse gas’, meaning that the release of methane into the atmosphere leads
to the trapping of heat from the sun’s radiation, thus causing global temperatures to rise
gradually over time. Methane traps warming radiation within the atmosphere around thirty
times more effectively than carbon dioxide®, which is the dominant greenhouse gas produced
by man. Although methane persists in the atmosphere for a shorter period of time than
carbon dioxide®, its warming effect in the short term could cause immense damage to the
environment, changing global climate at a rapid rate. Current attempts at reversing the
effects of global warming may well be in vain if the production of greenhouse gasses continue
at their current pace. Reducing the production of methane in the atmosphere will, however,
not halt global warming, reduction of CO, would be the most appropriate way to attempt to
fight back against climate change. However, reduction of methane gas is a good start, easing
the strain on the environment a small amount to allow time for new energy sources to be

produced that have low carbon emissions.



Results and Discussion

OMe  aAcoaciRcOC, 9 R=Me (97%)
Pvridine DMAP 10 R= £-Bu (41%)
O iy aOH  TYIEINESTHRT 11 R= n-Pr (92%)y9;
< N\r 12 R= n-C5H 44
o

OMe AcOAc/RCOCI,
Pyridine, DMAP.

OH —_—

13 R= Me (49%)

14 R= t-Bu (61%)

15 R= n-Pr (29%x0
16 R= n-CsHy,4 @3 %)

Scheme 2: Synthesis of 8-16 from haemanthamine 7.

The two main synthetic methods used in these projects were ester synthesis from
secondary alcohols and either and acyl chloride or acid anhydride, and hydrogenation

reaction using catalytic palladium on carbon and hydrogen gas.

Compounds 7 and 8-16 were sent to Dr Newbold at Aberystwyth University for an
array of testing in an artificial cow rumen: pH tests, volatile fatty acid concentration (VFA),
acetate percentage, propionate percentage, butyrate percentage, branched-chain volatile
fatty acid percentage (BCVFA), ammonia production, total gas production and methane

production.

The testing at Aberystwyth was carried by the Newbold group, using an artificial cow
rumen (a procedure in which | assisted in the initial stages) produced by taking cow rumen
contents, mixing them with sufficient feed and general supplements that the animals would
receive in the farm. This mixture was then allowed to propagate and then separated into a
series of artificial rumens, each a sealed system. The individual systems were then treated
with varying concentrations of alkaloid derivatives and allowed to ferment over a period of

time. The contents were then tested vs a control for the various conditions listed above.



Effects of compounds 7-16 on the pH of the artificial rumen system.

The average pH of the bovine rumen ranges from between 5.7 and 7.3 and, as can be
seen from Table 2, the pH of the artificial rumen changes within normal pH parameters with
the addition of any of the haemanthamine derivatives (7, 9-16). The changes are still within
the ranges of the average rumens, so therefore should not negatively impact any live cattle

in this respect.

SED P

7 0.028 0.003

9 0.031 0.004
10 0.026 <0.001
11 0.031 0.003
12 0.032 0.062
13 0.038 0.017
14 0.023 0.002
15 0.034 0.005
16 0.046 0.339

Table 1: The effect of compound 7-16 on the pH of the system.

SED: Standard error of the difference. P: P-Value



Affect of concentration of haemanthamine derivatives on
pH of an artificial cow rumen

6.45
6.4
6.35

6.3
6.25
6.2
6.15
6.1
6.05
6
7 9 10 11 12 13 14 15 16

Table 2: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on pH

after 24 h of incubation (batch culture).

The SED and P values both show that these results are statistically significant. As mentioned,
the pH range of the average cow rumen is between 5.7 and 7.3 meaning that the maximum

change of 0.18 is fairly insignificant, with respect to the overall system.



Effect of compounds 7-16 on production of VFAs in the artificial rumen system

Volatile fatty acids (VFA) are used to provide energy to the rumen and are used in milk
fat biosynthesis. They are the main energy source for ruminants, providing approx. 70% of
their total energy requirements. The three main VFAs found in the rumen are acetates,

propionates and butyrates.

VFA Production (mM)
SED P

7 2.28 0.012
9 2.38 0.01

10 2.18 0.008
11 1.97 <0.001
12 1.56 <0.001
13 1.89 <0.001
14 3.29 0.033
15 4.98 0.044
16 3.25 0.117

Table 3: The effect of compounds 7-16 on VFA production in the system vs control (%). SED:

Standard error of difference.

10



Affect of concentration of haemanthamine derivatives on
VFA of an artificial cow rumen

70

5
0
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Table 4: Effect of 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on total VFA (mM)
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after 24 h of incubation (batch culture).

The addition of each compound has a negative effect on the total amount of VFAs
produced in the rumen, between a 1-26% reduction vs the control. This could have a
significantly negative effect on the ruminant as they rely on the VFAs for their main source

of energy.

11



Effect of compounds 7-16 on acetate production in the artificial rumen system

Acetates are one of the VFAs in the bovine rumen, the haemanthamine derivatives do
seem to have a negative effect on the production of acetates in the artificial rumens. This may

be problematic for live bovines; however further testing is needed.

Acetate Production (% of total VFA)
SED P
7 1.94 0.287
9 1.36 <0.001
10 3.131 0.015
11 0.925 <0.001
12 0.837 <0.001
13 0.936 <0.001
14 0.804 <0.001
15 0.833 <0.001
16 1.399 <0.001

Table 5: The effect of compounds 7-16 on total acetate production in the system vs control

(%). SED: Standard error of difference.

12



Affect of concentration of haemanthamine derivatives on
acetate concentration of an artificial cow rumen
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Table 6: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on

o

o

o

o

o

acetate (%) after 24 h of incubation (batch culture).

This graph shows that additions of these ester compounds have a negative effect on the total
concentration of acetate VFA’s in the rumen, leading to a reduction of between 6-37% of
acetate production in the rumen. It is unknown as to what effect of this reduction will actually

have on ruminants.
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Effect of compounds 7-16 on propionate production in the artificial rumen system

Propionate concentration seems to be affected positively with the addition of the

haemanthamine 7, and derivatives, 9-16, increasing the concentrations of propionates in a

fairly consistent manner for all of the derivatives.

Propionate Production (% of total VFA)

SED P

7 1.22 0.039
9 0.749 <0.001
10 1.27 0.002
11 0.645 <0.001
12 0.426 <0.001
13 0.457 <0.001
14 0.788 <0.001
15 0.392 <0.001
16 0.808 <0.001

Table 7: The effect of compounds 7-16 on total propionate production in the system vs

control (%). SED: Standard error of difference.

14



Affect of concentration of haemanthamine derivatives on
propionate concentration of an artificial cow rumen
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Table 8: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on

propionate (%) after 24 h of incubation (batch culture).

Thus, in contrast to the previous study, the production of propionate VFAs shows a

net increase after the addition of the compounds, ranging from a 21-107% increase.

15



Effect of compounds 7-16 on butyrate production in the artificial rumen system

Butyrates are variably affected by the addition of the haemanthamine derivatives

with some of the compounds resulting in an increased production, and others leading to a

reduction.
Butyrate Production (% of total VFA)
SED P
7 0.747 0.689
9 0.647 0.003
10 1.864 0.081
11 0.418 <0.001
12 0.585 0.002
13 0.608 0.004
14 1.198 0.015
15 0.77 <0.001
16 1.322 <0.001

Table 9: The effect of compounds 7-16 on total butyrate production in the system vs control

(%). SED: Standard error of difference.

16



Affect of concentration of haemanthamine derivatives on
butyrate concentration of an artificial cow rumen
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Table 10: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on butyrate (%) after 24 h
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of incubation (batch culture).

The concentration of butyrates seems to increase with the addition of each
compound, giving a maximum increase of 58%, except 14 and 16 which had a maximum
reduction of butyrates by 43%. Overall, the majority of the changes are minimal with the

exception of compound 16.

17



Effect of compounds 7-16 on BCVFA production in the artificial rumen system

Branched-chain volatile fatty acids (BCVFA) are produced in the rumen of the cattle

for the cellulolytic microorganisms that inhabit the organ. These BCVFAs are produced from

dietary proteins or from the recycling of bacterial proteins. The most common BCVFAs are

isobutyric acid, isovaleric acid, valeric acid and 2-methylbutyric acid.

BCVFA Production (% of total VFA)
SED P
7 0.076 0.036
9 0.103 0.352
10 0.042 0.001
11 0.06 0.079
12 0.088 0.054
13 0.099 0.097
14 0.185 <0.001
15 0.176 0.021
16 0.124 0.005

Table 11: The Effect of compounds 7-16 on total BCVFA production in the system vs control

(%). SED: Standard error of difference.

18



Affect of concentration of haemanthamine derivatives on
BCVFA concentration of an artificial cow rumen
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Table 121: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on

N

[EEN

BCVFA (%) after 24 h of incubation (batch culture).

Each compound in this test, apart from 14, led to a reduction of the BCVFAs in the system,
the biggest change being a 24% reduction in compound 16. According to the SED and P

values each of these results appears to be statistically significant.
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Effect of compounds 7-16 on ammonia production in the artificial rumen system

Ammonia production in the rumen seems to reduce with the addition of the

haemanthamine derivatives, with redutctions ranging from 1-28%. Compound 9 gave the

greatest reduction in ammonia production, 28%; whereas compound 12 gave the lowest.

Ammonia Production (mM)

SED P
7 0.195 <0.001
9 0.431 0.011
10 0.349 0.005
11 0.167 0.008
12 0.313 0.027
13 0.297 0.008
14 0.454 0.686
15 0.234 0.184
16 0.278 0.023

Table 13: The effect of compounds 7-16 on total ammonia production in the system vs

control (%). SED: Standard error of difference.

20



Affect of concentration of haemanthamine derivatives on
ammonia of an artificial cow rumen
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Table 14: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1 (Grey) g/L, on

=N W U N

ammonia (mM) after 24 h of incubation (batch culture).
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Effect of compounds 7-16 on total gas evolution from the artificial rumen system

Total gas evolution is decreased with the addition of haemanthamine derivatives,

this could be from the stop in production of methane gas as described in Table 15.

Total gas evolution (mL)
SED P
7 0.917 0.002
9 1.331 0.006
10 1.327 0.003
11 0.943 0.004
12 1.371 0.089
13 0.842 0.004
14 0.742 <0.001
15 0.947 0.003
16 2.036 0.034

Table 15: The effect of compounds 7-16 on total gas evolved by the system vs control (%).

SED: Standard error of difference.
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Table 16: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on

total gas (mL) produced after 24 h of incubation (batch culture).
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Effect of compounds 7-16 on methane production in the artificial rumen system

The drop in methane production with the addition of derivatives is astonishingly high.
The reduction seen with 7 is the least effective of the derivatives, lowering methane
production by around 35-40%, followed by 10, which lowers the production by around 84-
90%, while compounds 9, 11, 12, 13, 14, 15 and 16 lower the production by over 99%.

Methane evolution (mL)
SED P
7 0.300 0.242
9 0.100 <0.001
10 0.206 0.0066
11 0.100 <0.001
12 0.100 <0.001
13 0.100 <0.001
14 0.100 <0.001
15 0.100 <0.001
16 0.100 <0.001

Table 17: The effect of compounds 7-16 on total methane production in the system vs

control (%). SED: Standard error of difference.
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Table 18: Effect of compounds 7-16, added at 0.0 (Blue: control) 0.5 (Orange) or 1.0 (Grey) g/L, on

methane (mL) produced after 24 h of incubation (batch culture).
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Overall conclusions

Haemanthamine and the derivatives caused a slight increase of the pH (p < 0.05) in
comparison to the control. In addition, all treatments caused a reduction in the concentration

of total VFA (P < 0.05) to different extent depending on the compound (between 8 and 25%).

Haemanthamine and the derivatives shifted the fermentation towards lower acetate
(P < 0.05) and higher propionate (P < 0.05) production as compared with the control, with 12,
13 and 14 having the strongest effect. However, butyrate concentration was not affected in
the presence of haemanthamine (P > 0.05), most of the derivatives caused an increase (P <
0.05). Haemanthamine was more efficient in reducing the concentration of ammonia than
most of the derivatives. A reduction in the total gas produced after 24 h was observed for all
treatments. Finally, while haemanthamine decreased methane production by 35-45%, the

other derivatives caused a reduction of 99.9%

In conclusion, a strong effect on fermentation was observed in the presence of
haemanthamine and its derivatives (decreases in total VFA and gas produced after 24 h). The
derivatives seemed to cause the diversion of H; away from methane towards propionate and

butyrate formation.
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Experimental

General experimental synthesis and spectroscopy procedures

Reactions were stirred using a magnetic stirrer bar and monitored by TLC on Kieselgel
60 F254 silica gel coated glass plates, which were visualised by either I, UV light or
phosphomolybdic acid. General chemicals were purchased from Sigma Aldrich, Alfa Aesar,
Fluorochem or Fisher Scientific. Flash chromatography was carried out on Fluorochem Silica
gel 60A (40-63 micron) with an eluting solvent as specified. H and 3C NMR spectroscopic
analyses were carried out on a Bruker Ultrashield Plus 400 MHz spectrometer in CDCls unless
otherwise stated and are reported in ppm referenced to the solvent internal standard at 7.26
and 77.160 ppm respectively. Infrared spectroscopic analyses were acquired on a Bruker
Alpha ATR instrument. Mass spectra were recorded on either a Finnigan MAT 900 XLT or a

Finnigan MAT 95 XP at the EPSRC National Mass Spectrometry Service Centre in Swansea.
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(35,4aS,55,12R)-3-methoxy-4,4a-dihydro-3H,6 H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl acetate

O O
AN
DCM, Pyridine, DMAP
0°C

Pyridine (1.34 mL, 16.6 mmol) and DMAP (10 mg) were added to a solution of
haemanthamine 7 (1.00 g, 3.32 mmol) dissolved in dichloromethane (20 mL). The mixture was
cooled (0°C) and acetic anhydride (0.94 mL, 9.96 mmol) was added slowly. The resultant
mixture was stirred until complete consumption of starting material (TLC; 5% MeOH in DCM,
Rf = 0.54). The reaction was washed with ag. NaOH (1M, 3 x 30 mL) and brine (3 x 30 mL),
dried (MgSQa), filtered and evaporated under reduced pressure. The crude product was
purified using silica gel flash chromatography (1-5 % MeOH in chloroform, gradient elution)
to give 9 (1.10 g, 3.20 mmol, 97 % yield) as a gum. Rf = 0.48 (10% MeOH in DCM) 64 6.89 (1H,
s, CH), 6.46 (1H, s, CH), 6.34 (1H, d, J 10.1 Hz, CH), 6.16 (1H, dd, J 4.6, 10.1 Hz, CH), 5.89 (2H,
s, CHz), 4.96 (1H, dd, J 3.4, 7.0 Hz, CH), 4.35 (1H, d, J 16.8 Hz, CH), 3.83-3.86 (1H, m, CH), 3.73
(1H, d,J16.8),3.40 (1H, dd, J 7.2, 14.5, CH), 3.53 (3H, s, CH3), 3.13 (1H, dd, J 3.6, 14.5 Hz, CH),
2.05 (1H, dd, J4.5,13.6, CH), 1.97 (3H, s, CH3), 1.92 (1H, dd, J 5.2, 13.6 Hz, CH); 6¢ 170.2, 146.8,
146.6, 134.4,129.7,127.8, 126.5, 106.7, 104.1, 101.0, 80.5, 77.2, 72.6, 63.0, 61.3, 60.7, 56.7,
28.5, 21.4 ppm; Vmax 2932, 2821, 1737, 1483, 1240, 1035, 754 cm'; MS(CI) 344.2 (100%,
[M+H*]) 687.3 (10%, [2M+H*]); HRMS(ES) found 344.1490, CioH220sN ([M+H*]) requires
344.1492.
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(35,4aS,55,12R)-3-methoxy-4,4a-dihydro-3H,6 H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl pivalate

>
DCM, Et;N, DMAP
0°C

Triethylamine (1.39 mL, 9.96 mmol) and DMAP (10 mg) were added to a solution of
haemanthamine 7 (1.0 g, 3.32 mmol) in dichloromethane (20 mL). The mixture was cooled
(0°C), pivaloyl chloride (0.98 mL, 9.96 mmol) was added slowly and the mixture allowed to stir
until complete consumption of the starting material (TLC; 10% MeOH in DCM Rf = 0.59). The
sample was then washed with ag. NaOH (1M, 3 x 30 mL) and brine (3 x 30 mL) then dried
(MgS04), filtered and evaporated under reduced pressure. The product was then purified
using flash column chromatography (1-10% MeOH in chloroform, gradient elution) to give 10
(520 mg, 1.35 mmol, 41 % yield) as a gum. Rf = 0.61 (10% MeOH in DCM); &x 6.91 (1H, s, CH),
6.47 (1H, s, CH), 6.35 (1H, d, J 10.1 Hz, CH), 6.15 (1H, dd, J 5.0, 10.0 Hz, CH), 5.89 (2H, s, CH2),
4.92 (1H,dd, J 3.3, 7.1 Hz, CH), 4.36 (1H, d, J 16.9 Hz, CH), 3.80-3.86 (1H, m, CH), 3.72 (1H, d, J
6.9 Hz, CH), 3.38-3.43 (1H, m, CH), 3.36 (3H, s, CH3), 3.26 (1H, dd, J 3.3, 14.3 Hz, CH), 2.05 (1H,
dd, J 4.5, 13.7 Hz, CH), 1.94 (1H, td, J 4.2, 13.5 Hz, CH), 1.14 (9H, s, 3 x CH3); 8¢ 177.5, 146.7,
146.5, 134.4, 129.5, 127.9, 126.6, 106.7, 104.0, 101.0, 79.9, 72.8, 62.9, 61.3, 60.9, 56.6, 53.5,
49.3, 28.4, 27.2 ppm; Vmax 2930.19, 1724.68, 1483.32, 1155.56; MS(CI) 386.2 (100%, [M+H*])
; HRMS(ES) found 386.1954, Cy2H2805N ([M+H*]) requires 386.1962
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(35,4aS,55,12R)-3-methoxy-4,4a-dihydro-3H,6 H-11b,5-ethano[1,3]dioxolo[4,5-
jlphenanthridin-12-yl butyrate

>
DCM, Pyridine, DMAP

0°C

Using method from 4, 7 (1.0 g, 3.32 mmol) was dissolved in dichloromethane (30 mL)
and treated with pyridine (1.34 mL, 16.6 mmol), DMAP (10 mg) and butanoyl chloride (0.67
mL, 5.97 mmol). The product was then purified using flash column chromatography (2-5%
gradient eluention of MeOH in chloroform to give 11 (1.125 g, 3.03 mmol, 92 % yield) as a
gum. Rf = 0.53 (10% MeOH in DCM); 64 6.88 (1H, s, CH), 6.44 (1H, s, CH), 6.33 (1H, d, J 10.1
Hz, CH), 6.12 (1H, dd, J 5.0, 10.0 Hz, CH), 5.87 (2H, s, CH2), 4.96 (1H, dd, J 3.5, 7.1 Hz, CH), 4.33
(1H, d, J 16.9, CH), 3.83-3.79 (1H, m, CH), 3.69 (1H, d, J 16.9 Hz, CH), 3.41-3.53 (1H, m, CH),
3.34 (3H, s, CH3), 3.28 (1H, dd, J 3.5, 14.3 Hz, CH), 2.18 (2H, td, J 2.7, 7.4 Hz, CH2), 2.02 (1H,
dd, J 4.8, 13.6 Hz, CH), 1.92 (1H, td, J 4.2, 13.4 Hz, CH), 1.57 (2H, hex, J 7.39 Hz, CH3-CH,-CH;
), 0.91 (3H, t, J 7.4 Hz, CH3-CH>); 6¢ 172.7, 146.7, 146.5, 134.5, 129.6, 127.9, 106.7, 104.0,
101.0, 80.2, 72.7, 62.9, 61.3, 60.8, 56.6, 49.3, 36.5, 28.5, 18.4, 13.8 ppm; vmax 3020.39,
2935.49, 2400.76, 1729.99, 1483.49, 1215.72, 755.48 cm'}; MS(CI) 372.2 (100%, [M+H*])
743.4 (15%, [2M+H"]); HRMS(ES) found 372.1801, C21H260sN ([M+H*]) requires 372.1805
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(35,4aS,55,12R)-3-methoxy-4,4a-dihydro-3H,6 H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl hexanoate

@)
/\/\)J\(]
?
DCM, Et;N, DMAP
0°C

Using method from 4, 7 (1.0 g, 3.32 mmol) was dissolved in dichloromethane (30 mL),
and treated with triethylamine (1.39 mL, 9.96 mmol), DMAP (10 mg) and hexanoyl chloride
(0.70 mL, 4.98 mmol). The product was then purified using flash column chromatography (2-
5% gradient eluention of MeOH in chloroform) to give 12 (1.146 g, 3.03 mmol, 91% vyield) as
a gum. Rf 0.73 (10% MeOH in DCM); 64 6.89 (1H, s, CH), 6.45 (1H, s, CH), 6.33 (1H, d, J 10.1
Hz,), 6.13 (1H, dd, J 5.0, 10.0 Hz, CH), 5.87 (2H, s, CH2), 4.96 (1H, dd, J 3.5, 7.0 Hz, CH), 4.34
(1H, d, J 16.8Hz, CH), 3.79-3.84 (1H, m, CH), 3.70 (1H, d, J 16.8 Hz, CH), 3.39 (1H, dd, J 7.1, 15.4
Hz, CH), 3.34 (3H, s, CH3), 3.29 (1H, dd, J 3.5, 14.4, CH), 2.19 (2H, td, J 2.7, 7.4 Hz, CH2), 2.03
(1H, dd, J 4.3, 13.6 Hz, CH), 2.03 (1H, dd, J 4.3, 13.6 Hz, CH), 1.93 (1H, td, J 4.2, 12.4 Hz, CH),
1.54 (2H, p, J 7.44 Hz, CH2), 1.22-1.33 (4H, m, 2 x CH2), 0.88 (3H, t, J 6.8Hz,); 6c 130.2, 130.1,
129.6, 127.9,127.5,127.3,106.7,104.1, 104.0, 101.0, 81.1, 80.9, 80.1, 72.7, 63.0, 61.2, 60.7,
56.7,42.7,42.4,34.6,31.4,28.4,24.7,22.6, 22.5, 14.0 ppm; Vmax 2957.00, 2871.42, 1736.05,
1483.78, 1239.75, 1091.11, 754.58 cm; MS(CI) 400.2 (55%, [M+H*]) ; HRMS(ES) found
400.2115, Cy3H3005N ([M+H*]) requires 400.2118
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(3R,4aS,5S5,12R)-3-methoxy-2,3,4,4a-tetrahydro-1H,6H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-ol

OMe

Under a nitrogen atmosphere, palladium on charcoal (10 %, 0.1 g) was added to a
solution of haemanthamine 7 (5.00 g, 16.6 mmol) dissolved in dry THF (100 mL). After
evacuating the flask, the mixture was stirred at rt under a hydrogen atmosphere for 16 hrs,
following which the reaction was filtered through a Celite® pad that was washed with excess
THF and the filtrate evaporated under reduced pressure. The residue was purified by flash
column chromatography (1-5% MeOH in chloroform, graduated elution) to give
dihydrohaemanthamine 8 (3.62 g, 11.9 mmol, 72 % yield) as a colourless crystalline solid. Rf
0.17 (10% MeOH in DCM), &u: 6.69 (1H, s,), 6.39 (1H, s,), 5.86 (2H, s,), 4.26 (1H, d, J 16.70 Hz,),
4.10-4.04 (1H, m,), 3.69 (1H, s,), 3.64 (1H, d, J 16.71 Hz,), 3.35-3.19 (7H, m,), 2.34-1.75 (6H,
m,); 6¢146.6, 146.0, 139.6, 126.0, 106.2, 103.7, 100.8, 82.4, 75.8, 63.1, 62.8, 60.9, 55.8, 50.7,
46.2, 30.2, 27.0, 22.9 ppm; MS(CI) 304.1 (100%, [M+H"]), 607.3 (5%, [2M+H*]); HRMS(ES)
found 304.1540, C17H2205N ([M+H*]) requires 304.1543
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(3R,4aS,5S5,12R)-3-methoxy-2,3,4,4a-tetrahydro-1H,6H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl acetate

OMe 6 0
)J\ok

\f DCM, Pyridine, DMAP

vl

0°C

Using the method from 4, dihydrohaemanthamine 8 (634 mg, 2.09 mmol) was
dissolved in dichloromethane (30 mL) and pyridine (0.84 mL, 10.45 mmol), DMAP (10 mg) and
acetic anhydride (0.59 mL, 6.27 mmol) were added. The product was then purified using flash
column chromatography (1-5% MeOH in chloroform, gradient elution) to give 13 (354 mg,
1.02 mmol, 49 % vyield) as a gum. Rf 0.44 (10% MeOH in DCM); 81 6.76 (1H, s, CH), 6.56 (1H,
s, CH), 5.94 (2H, d, J 3.0 Hz, CH2), 4.81 (1H, dd, J 3.6, 7.5 Hz, CH), 4.13 (1H, d, J 17.0 Hz, CH),
3.66 (1H, s, CH), 3.61 (1H, d, J 17.1 Hz, CH), 3.33 (4H, s, 2 x CH2), 3.23-3.31 (1H, m, CH), 3.20
(2H, s, CH2), 2.98 (2H, m, CH2), 2.19-2.33 (1H, m, CH), 1.79-1.93 (4H, m, 2 x CH2), 1.53 (1H,
td, /1.2, 14.4 Hz, CH); 6¢106.0, 103.9, 100.8, 82.5, 75.3, 62.8, 61.2,60.9, 55.7, 30.3, 26.7, 22.5,
21.3 ppm; Vmax 3020.21, 1215.69, 756.27 cm't; MS(Cl) 346.2 (100%, [M+H*']), 691.3 (5%
[2M+H*]) ; HRMS(ES) found 346.1641, C19H240sN ([M+H*]) requires 346.1649

33



(3R,4aS,5S5,12R)-3-methoxy-2,3,4,4a-tetrahydro-1H,6H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl pivalate

o)
OMe >‘)J\CI
\r DCM, Et;N, DMAP
[N}
0°C

Using the method from 4, 8 (648 mg, 2.14 mmol) was dissolved in dichloromethane
(30 mL) and pyridine (1.49 mL, 10.68 mmol), DMAP (10 mg) and pivaloyl chloride (0.79 mL,
6.41 mmol) were added. The product was then purified using flash column chromatography
(1-4% MeOH in chloroform, gradient elution) to give 14 (554 mg, 1.31 mmol, 61 % yield) as a
gum. Rf 0.51 (10% MeOH in DCM); 61 6.73 (1H, s, CH), 6.41 (1H, s, CH), 5.87 (2H, s, CH2), 4.88
(1H, dd, J 3.2, 6.7 Hz, CH), 4.31 (1H, d, J 16.8 Hz, CH), 3.73 (1H, s, CH), 3.67 (1H, d, J 15.9 Hz,
CH), 3.41 (1H, dd, J 7.0, 14.5 Hz,), 3.29 (3H, s, CH3), 3.05 (1H, dd, J 3.4, 14.5, CH), 2.32-2.29
(1H, m, CH), 1.98-2.13 (4H, m, 2 x CH2), 1.57 (1H, t, J 13.3 Hz,), 1.19 (9H, s, 3 x CH3); 8¢ 106.2,
104.1, 100.9, 83.1, 75.3, 63.0, 26.0, 61.0, 55.9, 30.4, 27.4, 26.8, 22.5 ppm; Vmax 3020.31,
1215.68, 759.61 cm™%; MS(Cl) 388.2 (100%, [M+H*]), 775.4 (15%, [2M+H*]); HRMS(ES) found
388.2113, C2H300sN ([M+H"]) requires 388.2118
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(3R,4aS,5S5,12R)-3-methoxy-2,3,4,4a-tetrahydro-1H,6H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl butyrate

O

OMe /\)J\
OH cl
\r DCM, Pyridine, DMAP
0°C

Using method from 4, 8 (649 mg, 2.14 mmol) in dichloromethane (30 mL), pyridine
(0.86 mL, 10.70 mmol), DMAP (10 mg), n-butyryl chloride (0.63 mL, 6.42 mmol). The product
was purified using flash column chromatography (1-4% MeOH in chloroform, gradient
elution) to give 15 (232 mg, 0.62 mmol, 29 % yield) as a gum. Rf 0.49 (10% MeOH in DCM); &u
:6.71 (1H, s, CH), 6.40 (1H, s, CH), 5.86 (2H, s, CH2), 5.00 (1H, dd, J 3.4, 6.9 Hz, CH), 4.28 (1H,
d, J 16.9 Hz, CH), 3.70 (1H, s, CH), 3.65 (1H, d, J 16.8 Hz, CH), 3.37 (1H, dd, J 7.1, 14.3 Hz, CH),
3.27 (3H, s, CH3), 3.12 (1H, dd, J 3.5, 14.5 Hz, CH), 2.27 (3H, t, J 7.3 Hz, CH3-CH>), 1.80-2.10
(5H, m), 1.56-1.68 (3H, m), 1.24 (1H, t,J 7.1 Hz, CH), 0.94 (3H, t, J 7.4 Hz, CH3); 8¢ 173.0, 146.7,
146.3, 138.4, 126.3, 106.1, 104.0, 100.9, 82.5, 75.3, 62.8, 61.4, 61.0, 45.2, 36.6, 30.4, 26.8,
22.6, 18.5, 13.7 ppm; Vmax 3020.43, 2400.86, 1215.71, 757.23, 669.50 cm™; MS(Cl) 374.2
(100%, [M+H*]), 747.4 (10%, [2M+H*]); HRMS(ES) found 374.1958, C21H250sN ([M+H])
requires 374.1962
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(3R,4aS,5S5,12R)-3-methoxy-2,3,4,4a-tetrahydro-1H,6H-11b,5-ethano[1,3]dioxolo[4,5-

jlphenanthridin-12-yl hexanoate

O

Cl

OH S
\f DCM, Et;N, DMAP
vl

0°C

Using method from 4, 8 (648 mg, 2.14 mmol) in dichloromethane (30 mL), pyridine
(0.87 mL, 10.75 mmol), DMAP (10 mg), hexanoyl! chloride (0.1 mL, 6.45 mmol). The product
was purified using flash column chromatography (1-2% MeOH in chloroform, gradient
elution) to give 16 (711 mg, 1.77 mmol, 83 % yield) as a gum. Rf 0.55 (10% MeOH in DCM); &u
6.72 (1H, s, CH), 6.41 (1H, s, CH), 5.87 (2H, s, CH2), 5.02 (1H, dd, J 3.4, 7.0 Hz, CH), 4.32 (1H,
d,J16.8, CH), 3.69 (2H, d, J 16.6 Hz, CH2), 3.30-3.40 (2H, m, CH2), 3.27 (3H, s, CH3), 3.20 (1H,
dd, J 3.4, 8.5 Hz, CH), 2.15-2.30 (4H, m), 1.81-2.15 (4H,m), 1.57-1.65 (4H, m), 1.24-1.36 (6H,
m), 0.88 (3H, t, J 6.9 Hz, CH3-CH2); 6¢177.8, 173.1, 146.9, 146.5, 138.0, 125.5, 106.2, 104.0,
101.0, 82.1, 75.1, 62.8, 60.8, 60.3, 55.8, 45.3, 35.2, 34.6, 31.7, 31.3, 29.8, 26.8, 25.1, 24.7,
22.6,22.4,14.0 ppm; Vmax3020.17, 2932.60, 1729.13, 1482.45, 1215.65, 757.39, 699.46 cm™;
MS(CI) 402.2 (100%, [M+H*]); HRMS(ES) found 402.2266, Cy3H3,0sN ([M+H*]) requires
402.2275
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Chapter 2

“Synthesis of zephycandidine A from haemanthamine”
Patrick J. Murphy, Jamie Tibble-Howlings,
Radoslaw M.Kowalczyk and Kevin Stevens.

Tetrahedron Lett., 61(2020), 151785.
https://doi.org/10.1016/j.tetlet.2020.151785
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Introduction

Zephycandidine A (17, Figure 5) was first reported in 2016 by Zhan et a,|*® and described as
the first naturally occurring imidazo[1,2-flphenanthridine alkaloid. The alkaloid was isolated
from Zephyranthes candida a member of the amaryllidaeciae family, which encompasses

daffodils, snowdrops, lilies, onions, and garlic.

Figure 5: Zephycandidine A

Zhan et al. showed that zephycandidine A has some activity against five human cancer cell
lines: human myeloid leukemia HL-60, lung cancer A549, breast cancer MCF-7, colon cancer
SW480, and hepatocellular carcinoma SMMC-7721. More interestingly, it showed weak
cytotoxicity against the normal Beas-2B cell line (ICso = 20.08 uM) with the selectivity indices
as high as 10.1.1°

In the course of our work in the haemanthamine project, the zephycandidine A work
was reported and we decided to embark upon a synthesis of the natural product. The paper
describes the isolation by extraction and reports an overall yield, from 10 kg of dried plant
matter of only 3.5 mg of 17. We decided at this point to devise a synthetic method in order
to access more significant quantities of the compound for potential testing. The authors of
the isolation paper proposed a synthesis from the known trispheridine 18 (Scheme 3) might
be achieved using a method described by the Cronin group!!. This would require a synthesis
or the isolation of trispheridine 18 and its conversion to the alkylated bromide salt 19 (Scheme
3), which on reaction with ammonia followed by oxidation using MnO; should give

zephycandidine A 17 (Scheme 3).
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\/\
Pyrolysis (o) O Br
> O — >

Scheme 3: Proposed synthesis of trispheridine 19, and zephycandidine A 17, from

haemanthamine 7.

Several methods for a total syntheses of 17 have been previously suggested!? 13 14 but
of interest to us was using 18 as a starting material. A report of the preparation of 18 as
described by Warren and Wright!> from haemanthamine 7. They reported the pyrolysis of
haemanthamine 7 on a 0.33 mmol. The paper describes a distillation through a layer of heated
zinc powder. Unfortunately, it gives no description of the specific conditions used in the
reaction, i.e. the temperature at which the zinc was heated and the relative proportions of
zinc to substrate. Due to the lack of details and the inability to contact the original authors, a
large portion of time was spent attempting to recreate the experiment at a larger scale in
order to prepare a usable quantity of trispheridine 19 for use in the synthesis of

Zephycandidine A 17.

Due to the fact that a large quantity of haemanthamine was available for use in this
experiment, a wide array of conditions at gram scale was conducted in order to ascertain the

ideal conditions for the pyrolysis of haemanthamine into trispheridine (Scheme 3).
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Results and Discussion

As previously stated the preparation of compound 12 was reported by Warren and
Wright!> by pyrolysis of haemanthamine 7 to trispheridine 18 (Scheme 4). However, the paper

itself gives very little details as to the conditions under which this pyrolysis is carried out.

OMe
Zn, A

S OH 3 O
& I

Scheme 4: Pyrolysis of 7

Due to the lack of detailed information in the paper, several large-scale experiments

were undertaken using varying conditions (Table 19).
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Entry Scale Temp Zn Time Yield Recovered | Decalin | Sealed
(mmol) | (°C) (Equiv) | (h) 18 (%) | 7 (%) (mL)
1 16.6 180-90 | 36 3 10 (24) |59 0 No
2 19.1 190-95 | 72 24 4 (8) 52 0 No
3 6.6 190-95 | 185 24 11(9) |55 0 No
4 16.8 190-95 | 72 24 11 (22) |50 0 No
5 16.9 210-20 | 72 7 7 0’ 0 No
6 8.3 190-95 | 75 24 11(14) |22 0 No
7 8.3 160-90 | 75 48 10 (13) | 25 0 No
8 1.7 190-95 | 0 24 20(99) | 80 0 Yes
9 5.0 190-95 | OV 24 11(39) |73 0 Yes
10 6.6 175-80 | O 120 0 85 2 Yes
11 6.6 180-85 | 0 168 8(15) |46 2 Yes
12 6.6 190-95 | 0 168 19 (22) | 14 2 Yes
13 6.6 190-95 | 0¥ 24 13 (39) |33 2 Yes

Table 19: i) Yields in brackets based on recovered 3. ii) Considerable decomposition
occurred. iii) Using freshly activated zinc. iv) 3 was dispersed on sand. v) 2 equiv. of

acetaldehyde added.

Initial experimentation was to determine temperature ranges at which the reaction
would occur, during this line of experimentation it was discovered that the temperature must
be between 180-210°C, as lower temperatures would give no conversion (Table 19, Entry 10)
and higher temperatures would cause total decomposition of the starting material (Table 19,
Entry 5). With these data to hand, the optimal temperature was determined to be around

190-195°C (Table 19, Entries 8 & 12).

It was mentioned anecdotally that activated zinc may improve the vyield of this
reaction, activation of the zinc was carried out in the following manner: zinc powder (10 g)

was stirred with 1M hydrochloric acid for no more than 2 minutes or until the powder had a
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metallic sheen, then the resultant activated zinc powder was suction filtered under nitrogen.
This activated zinc was used immediately to minimise oxidation to the surface of the zinc. It
was discovered that activation of the zinc gave no improvement in the yield of the reaction,

and, as such, this modification was discontinued after 2 attempts (Table 19, Entries 6 & 7).

The paper describes pyrolysis over zinc powder which is a curious approach as the overall
reaction involves oxidation, of the substrate and zinc metal is traditionally associated with
reductive processes. We thus attempted a range of experiments not involving zinc powder
and discovered it was entirely unnecessary for the reaction. Indeed, the removal of the zinc
from the reaction gave similar yields as the experiments employing zinc. (Table 19, entries 8-
13) It was speculated that dispersion of the starting material on an inert substance might
improve the yield of the process, and this might have been the role of the zinc in the original
research. We had observed that much of the decomposition observed in the zinc free
experiments appeared to be due to aggregation of the starting material (clumping) at the
bottom of the reaction flask, which might be leading to burning at the base of the reaction
vessel. Sand was chosen, because it was deemed to be unreactive and cheap. As with the
previous attempts, the addition of the sand made little to no effect on the overall yield (Table
19, Entry 9). However, it did reduce the amount of decomposition to some extent as shown
by the increase in recovered starting material. It was thought that the decrease in
decomposition was due to the sand acting as a barrier to localised overheating, giving less
opportunities for the starting material to burn with direct contact to the heat. It was also
theorised that the reason for significant decomposition and the lack of conversion could be
from inconsistency in the heating and mixing of the mixture. We thus looked to a solvent we
might use in the reaction, and we used decalin due to its high boiling point, being
approximately the same as the observed initiation temperature for the reaction. While the
reaction did work in decalin it did not alleviate the overall problems of the reaction or increase
theyields. However, reaction 10 gave a good return of starting material at 85%; whereas entry

12 gave return of the starting material at only 14% (Table 19, Entries 10-13).

A mechanism was proposed for the reaction and it was speculated that there is an
initial fragmentation step in which a molecule of acetaldehyde and a molecule of methanol

are formed. After tautomerization, this results in the formation of the dihydropyridine
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derivative, which undergoes subsequent oxidation to give trispheridine 18 (Scheme 5). The
source of the oxidant in this process is not known but it may be acetaldehyde as shown or
another source in the reaction such as surface zinc oxide or solvent/substrate or indeed the
starting material itself. We attempted to achieve this oxidation by the addition of excess

acetaldehyde in the reaction mix, however this proved fruitless (Table 19, Entry 13).

Tautomerism
—_—

Scheme 5: Proposed mechanism for the preparation of 18 from 7.

We next moved onto the synthesis of 19 using an adapted method from Cronin et al.!
The synthesis was straightforward and involved heating 18 in 1,2-dibromoethane, collecting
the precipitate and washing it with acetone. On analysis of the crude product, it was found
that it contained an impurity that was tentatively identified as the hydrobromide of the
starting material. This was thought to have arisen by base-catalysed elimination of HBr from
the solvent and this by-product proved almost impossible to remove entirely from the
product. As a result, the product of this reaction was used without further purification in the

next step.

We were able to purify a small quantity of compound 19 by washing a small sample
(ca 50 mg) of the impure product with CD3OD in small portions (ca 1 mL) into which the
impurity was slightly more soluble than the product. After two washes the remainder was
dissolved in a third and fourth volume of solvent and these were shown (by NMR) to be of

>95% purity.

The final step of this reaction involved a 3-step one pot sequence. Firstly, a sample of

19 was dissolved in liquid ammonia at -70 °C, the mixture was brought to reflux (-33 °C) for
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an hour. This mixture was then re-cooled to -70 °C and manganese (IV) oxide and sodium
carbonate were added. The mixture was then brought back to room temperature slowly, and
the ammonia was allowed to evaporate overnight. Finally, toluene was added, and the
mixture was then heated to reflux for 3 hours. After filtration and evaporated, purification by

column chromatography gave zephycandidine A 17 in a 54% vyield.

Scheme 6: Mechanisms for the reactions utilised in the synthesis of zephycandidine A

Synthetic zephycandidine A 17 gave NMR data that were in close agreement to data described
in the literature when obtained at 400 MHz. The data were obtained in CD30D as in the
literature; however, the chemical shifts showed significant variation on allowing the solution
to stand and reanalysis. It was postulated that this was due to minor changes in pH of the
sample. In addition, it was postulated that, as 17 is only sparingly soluble in CD30D, it was
thought that, without strict control of the concentration and temperature, variation in the
chemical shifts would occur. Reanalysis at 700 MHz was undertaken and the assignments are

given in Table 20.
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Figure 6: Zephycandidine A, with atom labels.

Position 13C/ppm H/ppm J/Hz Comments
1 125.21 8.39 dddd, 8.1, 1.2, 0.6, 0.6 Couplings to protons at C-2, C-3,
C-4 and C-10
2 126.6 7.53 ddd, 8.1; 7.2; 1.2
3 129.6 7.64 ddd, 8.2;7.2; 1.2
4 117.3 8.09 dd, 8.2;1.2,0.6 NOESY correlates protons at C-4 and C-11
4a 132.1
6 143.6
6a 119.5 HMBC correlates carbon at C-6a to
proton at C-10
7 102.9 7.81 d, 0.6
8 150.5
9 151.4
10 102.8 7.90 dd, 0.6, 0.6
10a 125.23
10b 122.9
11 113.7 8.28 d, 1.5 NOESY correlates protons at C-11 and C-4
12 131.2 7.50 d, 1.5
CH> 103.5 6.15 d, 0.5 This residual dipolar coupling is a result of

some molecules of 1 having preferential
orientation in solution at 16.44 T and it
has been documented for aromatic

molecules before.!®

Table 20: NMR data for zephycandidine A 17.
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Conclusions

The synthesis of zephycandidine A 17 was achieved in a three-pot, 5 step process
(pyrolysis, alkylation, amination, cyclisation, and oxidation) in 10.8% overall yield from the
alkaloid haemanthamine 7. There were some problems with the process, not least of these
being the pyrolysis of haemanthamine to give trispheridine 18. The literature report of this
transformation was lacking in precise detail, and it was hard to determine the actual yield
reported and the nature of the reagents and apparatus used in the preparation. In writing this
report we were struck by the possibility that the zinc we used may have been of too high a
purity as an oxidant is needed to affect the final oxidation to give trispheridine 18. This led us
to conclude that repeating the reaction in the presence of zinc oxide might have been an
interesting experiment to perform. Despite this we achieved the first semi-synthesis of 17
and, as trispheridine has been the topic of several total syntheses, this work represents the

first formal total synthesis.
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Experimental

General experimental synthesis and spectroscopy procedures

Reactions were stirred using a magnetic stirrer bar and monitored by TLC on Kieselgel
60 F254 silica gel coated glass plates, which were visualised by either I, UV light or
phosphomolybdic acid. General chemicals were purchased from Sigma Aldrich, Alfa Aesar,
Fluorochem or Fisher Scientific. Flash chromatography was carried out on Fluorochem Silica
gel 60A (40-63 micron) with an eluting solvent as specified. H and 3C NMR spectroscopic
analyses were carried out on a Bruker Ultrashield Plus 400 MHz spectrometer in CDCls unless
otherwise stated and are reported in ppm referenced to the solvent internal standard at 7.26
and 77.160 ppm respectively. Infrared spectroscopic analyses were acquired on a Bruker
Alpha ATR instrument. Mass spectra were recorded on either a Finnigan MAT 900 XLT or a

Finnigan MAT 95 XP at the EPSRC National Mass Spectrometry Service Centre in Swansea.
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[1,3]dioxolo[4,5-/]phenanthridine (trispheridine)

OM
Zn
O

e
, OH 3 O
NJ 190-195 °C, 2h <o O
18

Typical procedure (Table 19, Entry 8): haemanthamine 71 (0.50 g, 1.66 mmol) was sealed in a
Carius tube and heated at 190-195 °C for 24 h. Purification by column chromatography (80%
diethyl ether in hexane) gave 18 (74 mg, 0.33 mmol) as a white solid in 20% yield (99 % based
on recovered 7). Further elution (10 % methanol in chloroform) gave 7 (394 mg, 1.31 mmol,

79 % recovery).

Typical procedure with Zn Dust (Table 19, entry 1): Haemanthamine 7 (5.00 g, 16.6 mmol) was
dissolved in methanol (50 mL) and added to finely ground commercial zinc powder (9.00 g,
598 mmol) and the mixture evaporated to dryness under vacuum. This mixture was heated
at 190-195 °C for 24 h. Work up as above gave 18 (370 mg, 1.66 mmol) as a white solid in 10%
yield (24% based on recovered 1). Further elution (10 % methanol in chloroform) gave 7 (3.10

g, 10.6 mmol, 62 % recovery).

Typical procedure in decalin (Table 19, Entry 13): Haemanthamine 7 (2.00 g, 6.64 mmol) was
added to cis/trans decalin (2 mL), sealed in a Carius tube and the mixture heated at 190-195
°C for 24 h. Work up as above gave 18 (191 mg, 0.857 mmol) as a white solid in 13% yield (39
% based on recovered 7). Further elution (10 % methanol in chloroform) gave 7 (668 mg, 2.22

mmol, 33 % recovery).

Data for 18 were in agreement with the literature Rf 0.24 (40% EtOAc in PE); Mp 142-145 °C
(lit.5e 142.5-144 °C); 61 9.08 (1H, s, CH), 8.36 (1H, brd, J 7.9 Hz, CH), 8.14 (1H, br d, J 8.1 Hz,
CH), 7.89 (1H, s, CH), 7.68 (1H, ddd, J 1.2, 7.0, 8.1 Hz, CH), 7.62 (1H, ddd, J 1.2, 7.0, 7.9 Hz, CH),
7.32 (1H, s, CH), 6.16 (2H, s, CHa); 8¢ 151.9, 151.6, 148.3, 144.3, 130.4, 130.2, 128.1, 126.8,
124.4, 123.2, 122.1, 105.6, 102.0, 100.1; vmax; 3031, 2960, 1620, 1581, 1528, 1497, 1486,
1462, 1394, 1382, 1293, 1254, 1227, 1198, 1111, 1094, 1034, 971, 938, 882, 847, 828, 785,
753, 718, 706, 673, 612, 544, 473, 432; HRMS(ES) found 224.0707, C1aH1o0NO2 ([M+H+])
requires 224.0706.
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5-(2-bromoethyl)-[1,3]dioxolo[4,5-j]phenanthridin-5-ium bromide

B
r\/\Br O O
90°C, 5days < O N B
’ @] /@\/\Br

19

Trispheridine 18 (1.00 g, 4.48 mmol) was suspended in freshly distilled 1,2-dibromoethane
(30 mL) and the mixture heated at 70-80 °C for 72 hrs. After cooling, the precipitate formed
was removed by filtration and washed with 1,2-dibromoethane (5 mL) and ethyl acetate (2 x
5 mL). After drying under vacuum we obtained the salt 4 (1.56 g) as an off white solid which
was contaminated with 2.HBr (ca 20%). This mixture was used in the next reaction without
further purification. An analytical sample was obtained by washing a small sample (ca 20 mg)
in a pipette filter sequentially with small portions (5 x 0.6 mL) of CD30D to remove 2.HBr. The
4th and 5th washings contained 19 (ca. 95% pure). Mp 263-266 °C (dec.); éu (CD30D) 9.79
(1H, s, CH), 8.99 (1H, dd, J 1.4, 8.3 Hz, CH), 8.48 (1H, s, CH) 8.47 (1H, br d, J 9.2 Hz, CH), 8.11
(1H, ddd,J 1.4, 7.2, 8.5 Hz, CH), 8.04 (1H, ddd, J 1.0, 7.2, 8.3 Hz, CH), 7.83 (1H, s, CH), 6.45 (2H,
s, CH2), 5.46 (2H, t, J 6.0 Hz, CH2), 4.15 (2H, t, J 6.0 Hz, CH,); &¢ (CDsOD) 159.6, 154.8, 153.0,
152.5, 137.6, 133.3, 132.3, 131.1, 127.3, 126.5, 122.0, 119.8, 108.5, 106.0, 102.3, 59.2, 30.0;
Vmax; 3476, 3401, 3071, 3021, 2944, 2879, 1653, 1612, 1565, 1538, 1503, 1475, 1427, 1408,
1392, 1353, 1329, 1284, 1257, 1211, 1180, 1154, 1131, 1114, 1036, 1020, 977, 943, 922, 892,
880, 859, 794, 780, 764, 729, 679, 610, 593, 559, 546, 503, 467, 454, 430; HRMS(ES) found
330.0124, Ci6H14’°BrNO; ([M+H+]) requires 330.0124, found 332.0103, CisH143'BrNO>
([IM+H+]) requires 330.0104.
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Manganese (V) Oxide'’
60 °C
2KMnO, * 3MnSO,H,0 —— = 5MnO, * K,SO, + 2H,SO,

A heated (60 °C) solution of manganese sulfate monohydrate (25.00 g, 147.9 mmol) in water
(480 mL) was added in portions to a heated (60 °C) solution of potassium permanganate
(17.40 g, 110.10 mmol) in water (330 mL). The suspension was stirred at 60 °C for 1h then
cooled to room temperature. The solid was suction filtered and washed with water (150 mL)
and the solid obtained was dried in an oven (150 °C) for 36h to give activated manganese (IV)

oxide (22.40 g, 257.7 mmol, 99.8%) as a black solid.
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[1,3]dioxolo[4,5-j]Jimidazo[1,2-f]phenanthridine

i) NHa. -78 to -30°C, 1h
o i) Na,CO3, MnO,, -78°C to RT
Q
< Br iii) Toluene, reflux, 3h
@) O /g\/\Br ) ’ ’

19

Crude 19 (0.50 g, 1.05 mmol) was added to stirred liquid ammonia (ca 100 mL) at -70 °C and,
after removal of the cooling bath, the reaction mixture was warmed to -33 °C. The reaction
was kept at this temperature for 1 h then cooled (-78°C) before adding Na,CO3 (603 mg; 5.69
mmol) and finely powdered MnO; (1.22 g; 14 mmol). After stirring for 1h, the cooling bath
was removed to allow the ammonia to evaporate overnight. The residue was dried under
vacuum for 10 minutes to remove any remaining ammonia, and then toluene (50 mL) was
added. The reaction mixture was heated to reflux for 3 h, cooled and filtered with the solid
inorganic residue being washed with acetone (3 x 10 mL). Concentration of the filtrates
followed by column chromatography (30-50 % EtOAc in PE) gave 17 (0.15 g, 54 %) as an off-
white solid. Recovered trispheridine 18 (0.07 g) was also obtained. Rf 0.29 (50% EtOAc in PE);
Mp 242-245 °C (dec.); &1 (CDsOD) 8.39 (1H, dd, J 1.2, 8.1 Hz, CH), 8.28 (1H, d, J 1.5 Hz, CH),
8.09 (1H, dd, J 1.2, 8.2 Hz, CH), 7.90 (1H, s, CH), 7.81 (1H, s, CH), 7.64 (1H, ddd, J 1.2, 7.2, 8.2
Hz, CH), 7.53 (1H, ddd, J 1.2, 7.2, 8.1 Hz, CH), 7.50 (1H, d, J 1.5 Hz, CH), 6.15 (2H, s, CH2); &c
(CD30D) 151.4, 150.5, 143.6, 132.1, 131.2, 129.6, 126.6, 125.23, 125.21, 122.9, 119.5, 117.3,
113.7,102.9, 103.5, 102.8; 61 (CDCl3/CD30D, 10:1) 8.14 (1H, dd, J 0.8, 8.2 Hz, CH), 7.89 (1H, s,
CH), 7.88 (1H, d,J 1.4 Hz, CH), 7.77 (1H, dd, J 0.8, 8.2 Hz, CH), 7.62 (1H, s, CH), 7.51 (1H, ddd,
J1.2,7.2,8.2 Hz, CH), 7.48 (1H, d, J 1.4 Hz, CH), 7.42 (1H, ddd, J 1.2, 7.2, 8.2 Hz, CH), 6.08 (2H,
s, CHz); 6¢ (CDCI3/CDs0D, 10:1) 149.6, 148.9, 142.5, 130.9, 130.9, 128.1, 125.2, 123.9, 123.5,
121.7, 119.0, 115.9, 111.7, 102.8, 101.9, 101.4; vmax 3117, 3090, 2917, 2851, 1618, 1536,
1403, 1390, 1313, 1260, 1206, 1174, 1144,1122, 1034, 945, 929, 905, 848, 827, 768, 736, 692,
681, 620, 584,472, 444, 423; Amax (MeOH, log €) 202 (4.62), 228 (4.63), 256 (4.86), 263 (4.89),
296 (4.37) nm; HRMS(ES) found 263.0818, Ci6H11N20; ([M+H+]) requires 263.0815.
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Chapter 3

“Quorum sensing N-Acyl homoserine lactones are a new class of anti-

schistosomal”

Whiteland. H, Crusco. A, Bloemberg. LW, Tibble-Howlings. J, Forde-
Thomas. J, Coghlan. A, Murphy. P. J and Hoffmann. KF.

PLOS Neglected Tropical Diseases 14(10): e0008630.
https://doi.org/10.1371/journal.pntd.0008630
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Introduction

Schistosoma mansoni is a parasitic flatworm that causes the tropical disease
schistosomiasis, also known as snail fever. The disease causes blockage of the digestive and
renal system, this causes severe abdominal pain, diarrhoea, and eventually liver and kidney
damage, amongst other symptoms. Schistosomiasis is identified by the WHO as the second
most socioeconomically impactful parasitic disease to malaria®®®. Schistosomiasis is
transmitted by contact with water contaminated with the parasitic worms, the water systems
becoming contaminated by freshwater snails that are infected with the parasite.
Schistosomiasis is found in developing countries with tropical conditions, mostly found in
African and Asian countries, but is also common in South America. The disease is especially
common in children, as they are most likely to play in contaminated water, but also affects
farmers and fishermen who are continually in contact with water systems that may be
infected. Approximately 238 million people were infected with schistosomiasis in 2010, with
over 85% of the infected being from Africa?°. The disease predominantly affects children
under the age of 14, and in 2010 over 12,000 people died as a direct result of the disease?!,
usually due to renal failure, as such this disease is one of the most deadly of neglected tropical

diseases.

Currently treatment for the disease is restricted to two anthelmintics: praziquantel 20
and oxamniquine 21 (Figure 7). However some of the side effects of oxamniquine are quite
extreme and, as such it is used sparingly especially in pregnant women. Prazquantel 20 is
given to patients to treat a number of parasitic worm infections such as schistosomiasis,
clonorchiasis, opisthorchiasis, tapeworm infections, cysticercosis, hydatid disease, and other
fluke infections?2. Auranofin 22 is used as an antirheumatic agent?3, meaning it is used to treat
the swelling of joints caused by rheumatoid arthritis. It has shown great effectiveness as a

vermicide, and is used as a standard as “it completely kills the parasite”?4.
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Figure 7: praziquantel 20, oxamniquine 21 and auranofin 22,

As part of a random trial, several synthetic compounds were tested for anthelmintic
properties (Figure 8). With regards to the effectiveness against the specific phenotype and
the motility of Schistosoma mansoni parasite, Auranofin (AUR) and Praziquantel (PZQ) is
shown below (Figure 8). In these trials DMSO was used as a reference standard. Any
compounds that sit within the dashed box are active against this specific trematode. The
graph shows how each compound affects the ability of the parasite to move (motility) and

how effective it is at targeting sets of characteristics specific to this parasite (phenotype).
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Figure 8: Effects of previously synthesised compounds against phenotype and motility of

Schistosoma mansoni versus DMSO, Auranofin (AUR) and Praziquantel (PZQ).
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From this it was determined that compounds PJM130 23 and PJM203 24 were more
effective against the parasite both in respect to their phenotype and motility, than
praziguantel 20. 23 was chosen for derivatisation, this being due in part to the fact that

modifications of PJM203 24 would have been more difficult.

NO,
H OH
N /\)\/\
@ABr PhsCO" "> " 0CPh,
OH OH O2N

O r
PJM103 PJM203 PJM104

23 24 25

Figure 9: Compounds 23, 24 and 25.

The lactone 23 is a derivative of homoserine lactone, which is racemic in the case of
23 but can be derived from the naturally occurring amino acid L-homoserine 26 (Figure 10),
which is not one of the common amino acids encoded by human DNA. L-Homoserine is the
product of the cleavage of the sulfide group of methionine 27 (Figure 10), which is one of the

essential amino acids in humans and is very abundant in animals and plants alike.

0 0
HO
H, NH,
26 27

Figure 10: L-Homoserine 26 and methionine 27

It is known that N-acyl homoserine lactones (AHLs) (Figure 11) are members of a class of
signalling compounds that are used in bacterial quorum sensing (QS)%*. Quorum sensing is a
form of stimulus response to detect population density and control the expression of specific
genes. Bacteria use QS to coordinate behaviours such as biofilm formation, virulence, and

antibiotic resistance. These are all dependent on the population density around the organism.
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(0] N-(2-oxotetrahydrofuran-3-yl)butyramide 28

k/\ Pseudomonas aeruginosa
N

0] N-(2-oxotetrahydrofuran-3-yl)hexanamide 29

)W Chromobacterium Vialaceum
N

3-oxo-N-(2-oxotetrahydrofuran-3-yl)hexanamide 30

M}\/\ Vibio fisheri
N

0 N-(2-oxotetrahydrofuran-3-yl)octanamide 31

J\/\/\/\ Burkholderia cepacia
N

O O 3-ox0-N-(2-oxotetrahydrofuran-3-yl)octanamide 32

N MJ\/\/\ Agrobacterium tumefaciens

O O 3-oxo-N-(2-oxotetrahydrofuran-3-yl)dodecanamide 33

)UJ\/\/V\/\ Pseudomonas aeruginosa
N

PPPEET

Figure 11: Naturally occurring N-acyl homoserine lactones (AHLs) and example species that use this

compound for quorum sensing.

We were interested in a general structure 37 that resembles the lead compound 23
as there is considerable scope for relatively straightforward modification of the structure.
Modifications are possible at the lactone where X could be O or S, at the halogen where X can

be Br or Cl, at the R group or at the two stererogenic centres (* and #).

R
*H#
Ly
O
37

As can be seen the difference between naturally occurring AHLs and synthetic
examples are the halogenation and the side-chain, which is typically shorter at either 2 or 3
carbons long. Our precursors for the synthesis are the readily available homoserine lactone
hydrobromide 35, homoserine thiolactone hydrobromide 36, S-homoserine lactone hydrobromide 38

and R-homoserine lactone hydrobromide 39. (Figure 12)
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Figure 12: homoserine lactone hydrobromide 35, homoserine thiolactone hydrobromide 36, S-

homoserine lactone hydrobromide 38 and R-homoserine lactone hydrobromide 39.

Derivatisation of these with bromoacetyl bromide, chlororacetyl chloride,
bromopropionyl bromide or chloropropionyl chloride will lead to the preparation of a range
of compounds 23 & 41-49 (Figure 13), which will enable the investigation of the relationship
between the structure of the lactone, the side-chain, and the halogen on the side-chain

against the Schistosoma mansoni (flatworm) parasite.
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44 45

H H H H
9o 0o SN0 0

Figure 13: Proposed synthetic AHLs 23 & 41-49
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Results and Discussion

All of the compounds 23 & 41-49 were prepared by either a single phase or two-phase
protocol, Methods A and B respectively. The two-phase protocol was originally chosen for its
simplicity and use of less aggressive reagents. However, there were some problems with the
two-phase protocol, in that it gave very poor yields in two of the experiments detailed below.
For this reason, a single-phase protocol was adopted and resulted in higher yields. Purification
was the same for both methods, flash chromatography (50% EtOAc in chloroform) and gave

the desired compounds in high purity
Compound 23

Compound 23 was prepared via method A, giving a yield of 75%. This reaction gave
the best yield of all the experiments and the crude product was easy to purify, as were all of
the other compounds. These reaction conditions would be considered the best for this
transformation; however, a second method was applied to most of the other compounds as

it resulted in a simpler workup and purification, albeit resulting in a lower yield overall.

0]

.HBr o)
NH B
Q=
Br
0o (@) QJ\N
36 23

Scheme 7: preparation of 23. (a) bromoacetyl bromide, CHCls, NEts, 18 h, 75%.
Compound 41

Compound 41 was also prepared using method A in 33% yield. The reason for the poor
yield is not known; however, it is an anomalous result amongst the other compounds

prepared using method A.

o)
B
NH2 .HBr r\HJ\Br H
L, o "
0 (b) o
36 41

Scheme 8: preparation of 41. (b) bromopropanoyl bromide, CHCIs, NEts, 18 h, 33%.
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Compound 42

Compound 42 was prepared using the two-phase method B, giving a reasonable yield

of 40% yield, again it is unknown as to why this reaction was not more high yielding.

(@)

.HBr H
Ly
5 No () S

37 42
Scheme 9: preparation of 42. (c) bromoacetyl bromide, CH>Cl,/ H,0, K,COs3, 18 h, 40%.

Compound 43

Compound 43 was prepared using method B, resulting in a 73% yield, which was

considerably higher yield than that of corresponding lactone 41.

0
N, -HBT Bf\HkBr H
2 N
L —— e
S
o) (d) so
43

37

Scheme 10: preparation of 43. (d) bromopropanoyl bromide, CH,Cl,/ H>0, KzCOs, 18 h, 73%.
Compound 44

The first of the enantiomerically pure compounds 44 was prepared using the two-
phase method B, however this gave a poor 25% yield. The low yield of this reaction, in
comparison to the racemic compound 40 was disappointing and may have been due to a

change in method.

(@)

.HBr H
qNHZ s Mg, N
— (Y
0 ) 0o
44

38

Scheme 11: preparation of 44 (e) bromoacetyl bromide, CH,Cl,/ H>0, K2COs, 18 h, 25%.
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Compound 45

Similarly, compound 45 was prepared using the two-phase protocol and was by far
the least efficient reaction, resulting in a yield of only 14%. Again, we are unsure as to the
reason for this poor yield and, whilst repeating the reaction using method A would have been
interesting, the quantity of sample produced in this, and the previous, reaction was sufficient

for testing.

NH, .HBr \)J\Br

e ol

39

Scheme 12: preparation of 45. (f) bromoacetyl bromide, CH,Cl,/ H,0, K,COs, 18 h, 14%.
Compound 46

For the chlorinated analogue 46, method A was readopted, and this gave the desired

compound in a considerably improved 68% vyield.

0
Cl

NH, .HBr
Lo w
(0]
36

Scheme 13: preparation of 46. (g) chloroacetyl chloride, CHCls, NEts, 18 h, 68%.
Compound 47

The chloropropionyl amide 47 was also prepared using the single-phase method A, in

a respectable 65% vyield.

o " v, g:@%

Scheme 14: preparation of 47. (g) chloropropanoyl chloride, CHCls, NEts, 18 h, 65%.
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Compound 48

The thiolactone 48 was prepared using the two-phase protocol and, despite the poor
yields for the preparation of 44 and 45, this reaction gave a respectable 61% yield. The reason
for the return to the previous method was to confirm a theory that the two-phase method
was better for the thiolactone substrates as opposed to the lactones. This result offers some

support for this hypothesis.

)

.HBr
<X — = v
S
O (h) SN0
37 48
Scheme 15: preparation of 48. (h) chloroacetyl chloride, CH,Cl,/ H>0, K2COs, 18 h, 61%.

Compound 49

Similarly, the thiolactone 49 was prepared using the two-phase protocol, which gave
the required compound in a 58% yield. Again, a good yield was obtained using method B for

a thiolactone.

0]
Cl
NH, .HBr \HJ\CI H
oG c'
5o () o
37 49

Scheme 16: preparation of 49. (i) chloropropanoyl chloride, CH,Cl,/ H,0, K,CO3, 18 h, 58%.

Conclusions

In conclusion, it is apparent that the preparation of the analogues 40-49 was
successful. However, the methods used need to be optimised if any of these compounds are
to be of significant need in future work. Specifically, the two-phase method appears to be

somewhat capricious. The compounds were all white solids and gave correct analytical data
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and were of high purity for the next stage of the project. The structures are summarised below

as are the yields and melting point data.

H
*
Ly
O
23

* H #
(INKLE”
0o
41

H H
* #
@) o o
47

H H
* N * #
Ly q”ﬁ
O S )
42 43

45

H H
* *
Q(NW Q“f "
@] 0 @) o
44

H H
* N * #
1ye (IN@/LC'
S
@] S 0

46 48 49

Compound X V4 R * # Method | Yield Mp (°C)
23 Br o] H Racemic N/A A 75% 95-97
41 Br 0] Me Racemic Racemic A 33% 157-169
42 Br S H Racemic N/A B 40% 111-113
43 Br S Me Racemic Racemic B 73% 125-128
44 Br 0] H (R) N/A B 25% 130-133
a5 Br o) H (S) N/A B 14% 130-133
46 cl o] H Racemic N/A A 68% 111-115
47 cl o] Me Racemic N/A A 65% 148-150
48 cl S H Racemic N/A B 61% 124-127
49 Cl S Me Racemic Racemic B 58% 103-110

(i)

The reactions were undertaken in either method A, a single-phase reaction, or method B, a two-phase

reaction.

Table 21: Yields of compounds 23 & 41-49 and melting point data.
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Biological activity studies

Of the nine compounds tested, four affected the motility of the flatworm
(23, 42,43 and 44). Compounds 43 and 44 worked at both 10 and 5 pM; whereas
compounds 23 and 42 showed effectiveness at all concentrations tested in this study.
Analogues 43, 44 and 46 affected the phenotype of the parasites at 10 and 5 uM; whereas
compound 33 affected it from 10 to 1.25 uM and compound 42 was effective at all three
concentrations. The modification of the lactone ring (23) to a thiolactone ring (42) increased
the comparative potency at all concentrations. The two enantiomeric forms of compound 23
are of particular interest in this study and it was observed that the (R)-enantiomer (44)
affected schistosomula for both phenotype and motility at 10 uM and 5 uM concentrations.
Interesting, no anti-schistosomula activity was observed for the (S)-enantiomer (45),

suggesting that the absolute stereochemistry of the N-acyl homoserines is critical to activity.
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Experimental

General experimental synthesis and spectroscopy procedures

Reactions were stirred using a magnetic stirrer bar and monitored by TLC on
Kieselgel 60 F254 silica gel coated glass plates, which were visualised by either I, UV light or
phosphomolybdic acid. General chemicals were purchased from Sigma Aldrich, Alfa Aesar,
Fluorochem or Fisher Scientific. Flash chromatography was carried out on Fluorochem Silica
gel 60A (40-63 micron) with an eluting solvent as specified. H and 3C NMR spectroscopic
analyses were carried out on a Bruker Ultrashield Plus 400 MHz spectrometer in CDCls unless
otherwise stated and are reported in ppm referenced to the solvent internal standard at 7.26
and 77.160 ppm respectively. Infrared spectroscopic analyses were acquired on a Bruker
Alpha ATR instrument. Mass spectra were recorded on either a Finnigan MAT 900 XLT or a
Finnigan MAT 95 XP at the EPSRC National Mass Spectrometry Service Centre in Swansea.
Specific rotations were measured in a 0.25 dm cell on an ADP440 polarimeter (Bellinghan &

Stanley Ltd.)
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Preparation of lactones 23 & 41-49
Method A

The acyl halide (1.00-2.65 equiv.) was added dropwise over 5 min to a stirred and
cooled (0°C) solution of the aminolactone salt (1 equiv.) and triethylamine (2 equiv.) dissolved
in chloroform. After 2 h the reaction was warmed to rt and stirred for 16 h. After evaporation,
the mixture was triturated with EtOAc (3 x 10 mL), filtered, evaporated, and purified via

column chromatography.
Method B

The acyl halide (1.00-2.65 equiv.) was added dropwise over 5 min to a stirred and
cooled (0°C) solution of the aminolactone salt (1 equiv.) and potassium carbonate (3. equiv.)
in a mixture of chloroform and water. After 2 h the reaction was warmed to rt and stirred for
16 h; whereupon the organic layer was separated, and the aqueous phase extracted with
chloroform (20 mL). The combined organic layers were washed with tartaric acid solution (5%
aq., 2 x 5 mL) and water (2 x 5 mL), dried over MgSQ,, filtered, evaporated, and purified by

column chromatography
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2-Bromo-N-(2-oxotetrahydrofuran-3-yl)acetamide

0
B
. QG
0 CHCI,
0 0\,
40

36

Method A: Bromoacetyl bromide (1.47 g, 7.27 mmol, 0.63 mL), 36 (500 mg, 2.75
mmol), trimethylamine (556 mg, 5.49 mmol). The reaction mixture was evaporated and
purified via column chromatography (50% EtOAc in chloroform) to give 23 (612 mg, 2.76
mmol) in 75% vyield as a white solid. dy 6.95 (1H, br s, NH), 4.56 (1H, ddd, J 6.1, 8.6, 11.5 Hz,
CH), 4.52 (1H, brt, J 8.9 Hz, CH), 4.33 (1H, ddd, J 5.9, 9.5, 11.1 Hz), 3.96 (1H, d, J 14.0 Hz, CH),
3.92 (1H,d,J 14.0 Hz, CH), 2.84-2.92 (1H, m, CH), 2.18-2.29 (1H, m, 1H) ; dc 174.6,166.4, 66.2,
50.0, 30.1, 28.4; vmax 3250, 3062, 1760, 1659, 1548, 1180; MS(Cl) 222.0 (100%,
[CeHs”°BrNOs+H]*) 224.0 (98%, [CeHs®'BrNOs+H]*), 244.0 (85%, [CeHs’°BrNOs+Nal*), 246.0
(85%, [CeHs’°BrNOs+Nal*); HRMS(ES) found 221.9762, CsHe’°BrNOs* ([M+H]*) requires
221.9760; Microanalysis: found C 32.6, H 3.8, N 6.4, Br 36.0; CsHgBrNOs requires C32.4, H 3.6,
N 6.3, Br 36.0.
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2-Bromo-N-(2-oxotetrahydrofuran-3-yl)propanamide

Method A: Bromopropionoyl bromide (593 mg, 2.75 mmol, 0.29 mL), 36 (500 mg, 2.75
mmol), trimethylamine (556 mg, 5.49 mmol). The reaction mixture was evaporated, and the
crude was purified via column chromatography (50% EtOAc in chloroform) to give 41 (215 mg,
0.91 mmol) in 33% yield as a white solid. du 6.82/6.77 (1H, 2 br s, NH), 4.41-4.58 (3H, m, 3 x
CH), 4.27-4.34 (1H, m, CH), 2.83-2.90 (1H, m, CH), 2.14-2.26 (1H, m, CH), 1.89/1.91 (3H, 2 x d,
J 6.7 Hz, 2 x CH3); d¢66.2, 50.0/49.9, 43.9/43.7,30.2/30.2, 22.9/22.8 (2 x C not observed); Vmax
3284,3083, 2946, 1775, 1656, 1551, 1165; MS(CI) 236.0 (80%, [C7H10"°BrNOs+H]*) 238.0 (80%,
[C7H108*BrNO3+H]*), 258.0 (100%, [C7H10”°BrNOs+Na]*), 260.0 (98%, [C7H108'BrNOs+Nal*);
HRMS(ES) found 235.9919, C;H11”°BrNOs* ([M+H]*) requires 235.9917.
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2-Bromo-N-(2-oxotetrahydrothiophen-3-yl)acetamide

0
NH, HCI BrQJ\Br » KyCO4 H
X - Y

Method B: Bromoacetyl bromide (1.31 g, 6.51 mmol, 0.57 mL), 37 (500 mg, 3.25
mmol). The crude product was purified via column chromatography (50% EtOAc in
chloroform) to give 42 (307 mg, 1.29 mmol) in 40% yield as a white solid. d4 6.92 (1H, s, NH),
4.51 (1H, ddd, J 6.6, 6.6, 12.4 Hz, CH), 3.93 (1H, d, J 13.7 Hz, CH), 3.89 (1H, d, J 13.7 Hz, CH),
3.38 (1H, ddd, J 5.1, 11.6, 12.0 Hz, CH), 3.23 (1H, ddd, J 0.8, 7.0, 12.2 Hz, CH), 2.88-2.94 (1H,
m, CH), 2.00 (dddd, J 7.0, 12.0, 12.2, 12.4 Hz, CH); dc 204.6, 166.3, 59.9, 31.5, 28.6, 27.7; Vmax
3262, 1697, 1658, 1537, 1453; MS(Cl) 238.0 (95%, [CeHs’°BrNO,S+H]*) 240.0 (100%,
[CeHs®'BrNO,S+H]*), 260.0 (80%, [CeHs’°BrNO,S+Na]*), 262.0 (85%, [CsHs®'BrNO,S+Nal*);
HRMS(ES) found 237.9534, CsHe”°BrNO,S* ([M+H]*) requires 237.9532.
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2-Chloro-N-(2-oxotetrahydrothiophen-3-yl)propanamide

O
Cl
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oy - i
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37 43

Method B: Bromopropionyl bromide (1.41 g, 6.51 mmol, 0.68 mL), 37 (500 mg, 3.25
mmol). The crude product was purified via column chromatography (50% EtOAc in
chloroform) to give 43 (598 mg, 2.37 mmol) in 73% yield as a white solid. dy 6.82/6.76 (1H, 2
x brs, 2 x NH), 4.40-4.53 (1H, m, CH), 3.34-3.41 (1H, m, CH), 3.25-3.30 (1H, m, CH), 2.90-2.96
(1H, m, CH), 1.93-2.04 (1H, m, CH), 1.86/1.89 (3H, d/d, J 7.0/7.1 Hz, 2 x CH3); dc 204.9/204.7,
170.1/170.1, 60.0/60.0, 44.2/43.9, 31.6/31.5, 27.7/27.7, 23.0/22.8; vmax 3256, 3080, 2970,
1686, 1644, 1553; MS(Cl) 252.0 (95%, [C7H10”°BrNO2S+H]*) 254.0 (100%, [C7H103*BrNO,S+H]"),
269.0 (65%, [C7H10”°BrNO,S+Na]*), 271.0 (65%, [C7H108'BrNO>S+Na]*); HRMS(ES) found
251.9688, C7H117°BrNO,S* ([M+H]*) requires 251.9688.

69



(R)-2-Bromo-N-(2-oxotetrahydrofuran-3-yl)acetamide
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Method B: Bromoacetyl bromide (1.47 g, 7.27 mmol, 0.63 mL), (R)-homoserine
lactone hydrochloride 38 (500 mg, 3.63 mmol). The crude product was purified via column
chromatography (50% EtOAc in chloroform) to give 44 (204 mg, 0.92 mmol) in 25% yield as a
white solid. [d]p?® -22 (c = 0.1 CHCI3), du 6.91 (1H, brs, NH), 4.55 (1H, ddd, J 6.1, 8.6, 11.5 Hz,
CH), 4.52 (1H, br t, J 8.9 Hz, CH), 4.34 (1H, ddd, /5.9, 9.5, 11.1 Hz), 3.96 (1H, d, J 13.7 Hz, CH),
3.92 (1H, d, J 13.7 Hz, CH), 2.82-2.90 (1H, m, CH), 2.15-2.26 (1H, m, 1H); dc 174.6, 166.4, 66.2,
50.0, 30.2, 28.4; vmax 3253, 3064, 1762, 1657, 1551, 1179; MS(Cl) 222.0 (98%,
[CeHs”°BrNOs+H]*) 224.0 (97%, [CeHs®'BrNOs+H]*), 244.0 (98%, [CeHs’°BrNOs+Nal*), 246.0
(98%, [CeHs’°BrNOs+Nal*); HRMS(ES) found 221.9762, CsHe’°BrNOs* ([M+H]*) requires
221.9760.
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(S)-2-Bromo-N-(2-oxotetrahydrofuran-3-yl)acetamide?’
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Method B: Bromoacetyl bromide (1.47 g, 7.27 mmol, 0.63 mL), (S)-homoserine
lactone hydrochloride 39 (500 mg, 3.63 mmol). The crude product was purified via column
chromatography (50% EtOAc in chloroform) to give 45 (116 mg, 0.52 mmol) in 14% yield as a
white solid. [d]p®® 21 (c = 0.1 CHCl3), Lit.?6 [d]p?? 20.5 (c = 0.0074 CHCls); dn 6.99 (1H, s, NH),
4.55 (1H, ddd, J 6.1, 8.6, 11.5 Hz, CH), 4.52 (1H, br t, J 8.9 Hz, CH), 4.34 (1H, ddd, J 5.9, 9.5,
11.1 Hz), 3.96 (1H, d, J 13.7 Hz, CH), 3.92 (1H, d, J 13.7 Hz, CH), 2.81-2.87 (1H, m, CH), 2.17-
2.28 (1H, m, 1H); dc 174.7, 166.4, 66.2, 49.9, 30.1, 28.4; vmax 3254, 3065, 1762, 1656, 1551,
1177; MS(Cl) 222.0 (100%, [CeHs’°BrNOs+H]*) 224.0 (98%, [CeHs®'BrNOs+H]*), 244.0 (85%,
[CeHs’°BrNOs+Nal*), 246.0 (85%, [CeHs’°BrNOs+Na]*); HRMS(ES) found 221.9761,
CeHo’°BrNOs* ([M+H]*) requires 221.9760.
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2-Chloro-N-(2-oxotetrahydrofuran-3-yl)acetamide
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Method A: Chloroacetyl chloride (310 mg, 2.75 mmol, 0.22 mL), 36 (500 mg, 2.75
mmol), triethylamine (556 mg, 5.49 mmol). The reaction mixture was evaporated, and the
crude product was purified via column chromatography (50% EtOAc in chloroform) to give 46
(334 mg, 1.88 mmol) in 68% yield as a white solid. dy 7.05 (1H, br s, NH), 4.58 (1H, ddd, J 6.6,
8.6, 11.4 Hz, CH), 4.50 (1H, br t, J 9.0 Hz, CH), 4.31 (1H, ddd, /5.9, 9.7, 10.8 Hz, CH), 4.10 (2H,
s, CHy), 2.81-2.88 (1H, m, CH), 2.17-2.28 (1H, m, 1H); dc174.6, 166.8, 66.1, 49.6, 42.3, 30.1;
Vmax 3251, 3069, 1762, 1662, 1556, 1179, 1024; MS(CI) 178.0 (100%, [CsHs>>CINO3+H]*) 180.0
(30%, [CeHs3’CINOs+H]*), 200.0 (100%, [CsHs*>CINO3+Na]*), 202.0 (30%, [CeHs>’CINOs+Nal*);
HRMS(ES) found 178.0264, C¢Ho*>’CINO3* ([M+H]*) requires 178.0265.
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2-Chloro-N-(2-oxotetrahydrofuran-3-yl)propanamide

o)
HBr Cl
NH, \HJ\CI » EtgN H
oL se = (L ¥
3
o 0
36 47

Method A: Chloropropionyl chloride (349 mg, 2.75 mmol, 0.27 mL), 36 (500 mg, 2.75

mmol), trimethylamine (556 mg, 5.49 mmol). The reaction mixture was evaporated, and the
crude product was purified via column chromatography (50% EtOAc in chloroform) to give 47
(341 mg, 1.78 mmol) in 65% yield as a white solid. dy 6.99 (1H, br s, NH), 4.36-4.52 (3H, m, 3
x CH), 4.21-4.27 (1H, m, CH), 2.74-2.81 (1H, m, CH), 2.09-2.20 (1H, m, CH), 1.70/1.69 (3H, 2 x
d, ) 6.8/6.7 Hz, Me); dc 174.7/174.7, 170.4/170.4, 66.1/66.1, 55.3/55.2, 49.6, 30.1/30.1, 22.5;
Vmax 3285, 3085, 1775, 1660, 1551, 1167; MS(CI) 192.0 (100%, [C7H10>°CINO3+H]*) 194.0 (35%,
[C7H10¥’CINO3+H]*), 214.0 (85%, [C7H10°°CINOs+Na]*), 216.0 (25%, [C7H10’CINOs+Nal*);
HRMS(ES) found 192.0422, C;H11’°CINOs* ([M+H]*) requires 192.0422.
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2-Chloro-N-(2-oxotetrahydrothiophen-3-yl)acetamide
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Method B: Chloroacetyl chloride (753 mg, 6.51 mmol, 0.52 mL), 37 (500 mg, 3.25
mmol). The crude product was purified via column chromatography (50% EtOAc in
chloroform) to give 48 (382 mg, 1.97 mmol) in 61% yield as a white solid. du 6.95 (1H, br s,
NH), 4.52 (1H, apparent pentet, 6.5 Hz, CH), 4.12 (1H, d, J 15.1 Hz, CH), 4.07 (1H, d, J 15.1 Hz,
CH), 3.39 (1H, ddd, /5.1, 11.6, 11.6 Hz, CH), 3.29 (1H, br dd, J 7.0, 11.2 Hz, 1H), 2.91-2.98 (1H,
m, CH), 2.00 (1H, dddd, J 7.0, 12.5, 12.5, 12.5 Hz, 1H); dc 204.5, 166.7, 59.7, 42.5, 31.7, 27.7;
Vmax 3293, 2941, 1702, 1643, 1534, 1262; MS(CI) 194.0 (100%, [CeHs3>CINO,S+H]*) 196.0
(35%, [CsHs>’CINO2S +H]*), 216.0 (65%, [CeHs>>CINO.S +Nal*), 218.0 (23%, [CsHs3’CINO,S
+Na]*); HRMS(ES) found 194.0037, CsHg**CINO,S* ([M+H]*) requires 194.0037.
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2-Chloro-N-(2-oxotetrahydrothiophen-3-yl)propanamide
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Method B: Chloropropionyl Chloride (826 mg, 6.51 mmol, 0.62 mL), 37 (500 mg, 3.25
mmol). The crude product was purified via column chromatography (50% EtOAc in
chloroform) to give 49 (389 mg, 1.87 mmol) in 58% vyield as a white solid. B4 6.93 (1H, s, NH),
4.41-4.52 (1H, m, 2 x CH), 3.38 (1H, td, J= 5.1, 11.8 Hz, CH), 3.28 (1H, dd, J= 7.0, 11.3 Hz, CH),
2.94 (1H, ddd, J=0.9, 6.0, 12.1 Hz, CH), 1.99 (1H, ddd, J= 7.1, 12.4, 22.2 Hz, CH), 1.76/1.74 (2
X ¥%H, t, J= 7.1 Hz, CH3); Bc 212.8/212.8, 170.1/170.2, 59.6/59.7, 55.3/55.5, 31.5/31.5,
27.5/27.5, 22.5/22.6; Vmax 3230, 3072, 1694, 1676, 1558, 1224; MS(CI) 208.0 (100%,
[C7H103°CINO2S+H]*) 210.0 (35%, [C7H10*’CINO,S +H]*), 230.0 (50%, [C7H10>°CINO,S +Nal*),
232.0 (18%, [C7H10*’CINO2S +Na]*); HRMS(ES) found 208.0193, C7H1:13°CINO,S* ([M+H]Y)
requires 208.0194.
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greatly influence the effect of the
derivatives on rumen fermentation
in vitro

EvaRamos-Morales?, JamieTibble-Howlings? Laura Lyons®, Magnus O. Ogbu?,
i Patrick J. Murphy 2, Radek Braganca? & Charles James Newbold!

i Although the potential of plants extracts to improve feed efficiency and animal productivity and

i decrease methane emissions by enteric fermentation has been shown, the information available

: is often contradictory which has been attributed to differences in the complex mixture of bicactive

: compounds and their interactions. Understanding the de gree to which structural featuresina

i compound may affect the biological activity of an extract is essential. We hypothesised that relative
i small variations in the structure of a compound can have a significant influence on the ability of the
¢ derivatives to alter fermentation in the rumen. Nine compounds were synthetized from the natural
i alkaloid haemanthamine and tested in vitrofor their effects on rumen protozoa and fermentation

: parameters. Our results showed that simple esterifications of haemanthamine or its derivative

i dihydrohaemanthamine with acetate, butyrate, pivalate or hexanoate led to compounds that differed
i intheir effects on rumen fermentation.

* Since the ban of antibiotics as growth promoting feed additives by the European Union in 2006, plant extracts and
¢ plant secondary metabolites (e.g. saponins, tannins and essential oils) have been widely investigated as alterna-
i tives to manipulate rumen fermentation’. Although the potential of plants extracts to increase productivity and
: decrease methane emissions has been shown, the information available is often contradictory with apparently
¢ similar products having different biological effects® (ie. saponin extracts/compounds differing in their ability to
{ modulate fermentation in vitro®). This has been attributed to differences in the complex mixture of bioactive
¢ compounds and their interactions®. The composition of an extract can greatly vary according to the nature of the
i starting plant material (plant variety, harvest time, soil composition, altitude, climate, and processing and storage
: conditions) and the extraction and purification processes applied**. Indeed, large differences in composition
¢ between batches have been reported with saponin extracts even when prepared from the same substrate with the
: same methodology’. While standardized methods to ensure the homogeneity of plant extracts are needed, under-
¢ standing the degree to which structural features in a compound may affect the biological activity of an extract is
¢ essential. Our hypothesis is that relative small variations in the structure of a compound can have a significant
: influence on the ability of such compounds to alter fermentation in the rumen.

: Few studies on the structure-activity relationship that underly the mechanisms of action of pure compounds
* in the rumen have been published. Early studies by Bush et al.” with derivatives of perloline, one of the major
: alkaloids in tall fescue, showed that the effect on rumen fermentation was greatly influenced by the substitu-
tion at the C-5 position. We have recently revisited this concept, showing that modifications in the structure of
Hederoside B, the major saponin present in ivy fruit extract, resulted in saponin-like analogues with different
: biological activities in terms of antiprotozoal effect and stability of the molecules in the rumen®. In the present
i work we attempt to expand the concept that relative small variations in the structure of a compound can have a

¢ *Scotland's Rural College, Edinburgh, EH9 3G, UK. *Biocomposites Centre, Bangor University, Bangor, LL57 2UW,
UK. *Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, SY23 3DA, Aberystwyth, UK.
i Correspondence and requests for materials should be addressed to E.R.-M. (email: Eva.Ramos-Morales@sruc.ac.uk)
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(b) or (c) (b or (c)

2) R = Me (97%) 7) R = Me (49%)
3) R=nPr(92%) 8) R = nPr (29%)
4) R = Bu (41%) 9)R = Bu (61%)
5) R = nCgHyq (91%) 10) R = nCsHy4 (83%)

Figure 1. Production of derivatives from haemanthamine. (a) Under a nitrogen atmosphere, palladium on
charcoal was added to a solution of haemanthamine 1 dissolved in dry tetrahydrofuran (THF). After evacuation,
the mixture was stirred at room temperature under a hydrogen atmosphere for 16 hrs following which the reaction
was filtered through a pad of Celite® which was washed with excess THF and the filtrate evaporated under
reduced pressure. The residue was purified by flash column chromatography (to give dihydrohaemanthamine 6).
(b) Pyridine and DMAP were added to a solution of haemanthamine 1 or dihydrohaemanthamine 6 dissolved

in dichloromethane. The mixture was cooled (0°C) and acetic anhydride or the requried acid chloride was added
slowly. The resultant mixture was stirred until complete consumption of starting material. The reaction was washed
with NaOH solution and brine, dried and evaporated under reduced pressure. The crude product was purified
using flash column chromatography. (¢) Triethylamine and DMAP were added to a solution of haemanthamine

1 in dichloromethane. The mixture was cooled (0°C) and the required acid chloride was added slowly and allowed
to stir until complete consumption of the starting material. The sample was then washed subsequently with NaOH
solution and brine then dried and evaporated under reduced pressure. The product was then purified using flash
column chromatography.

significant influence on their biological activity by using the natural alkaloid haemanthamine to study the effect
of simple esterifications of this molecule and its derivative dihydrohaemanthamine on both rumen protozoa and
rumen fermentation pattern.

Results

Haemanthamine derivatives. Haemanthamine 1 was extracted from a fermented bulk of daffodil plants
(Narcissus Carlton), from which galanthamine had been previously removed, and purified by recrystallization
from acetone. The purified haemanthamine 1 was then used to produce a series of analogous compounds as
shown in Fig. 1. The first derivatives obtained were the four simple esters (2-5) of acetate 2, butyrate 3, pivalate
4 and hexanoate 5. The second series of derivatives were prepared from dihydrohaemanthamine 6, which was
obtained by the hydrogenation of haemanthamine 1. Esterification of 6 was achieved in a similar manner as
before and gave esters of acetate 7, butyrate 8, pivalate 9 and hexanoate 10. Full synthesis and purification details
and yields for each step together with structures are shown in Supplementary Material and in Supplementary
Fig. §1

Antiprotozoal activity. Bacterial degradation by protozoa increased linearly (R? > 0.99) over 5h in the con-
trol incubations. For each compound, the rate of bacterial degradation (% h™'), a proxy of protozoal activity, at
0.125, 0.25, 0.5 and 1 g/L as compared with the control is shown in Supplementary Table S1 The inhibition of
protozoa activity (Table 1) was significantly different between compounds and doses (P < 0.001). When added
at 1g/L, all compounds inhibited protozoa activity by 64-84%. Greater differences in the antiprotozoal effect
between compounds were observed at lower concentrations, with dihydrohaemanthamine derivatives, and par-
ticularly derivative 10, having a stronger effect.

Effect on fermentation parameters. The synthetized compounds, at 0.5 and 1 g/L, were tested further
over 24 h in in vitro incubations (Tables 2 and 3). Overall, fermentation pattern was significantly different between
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Haemanthamine derivatives

2 138 M 3830 £3.5°

3 0.2 122 72.1° 78.8°

4 0.7 47.9° 79.7 7EE

B 7.7 1112 S50 &8.5°

Dihydrohaemanthamine derivatives

[ 174 261 425 740

7 3.8 &12 329" 66.2°

] 440 333 a1 BLE

9 178 £0.10 80.3¢ 83.0¢

10 417 79.0° 78.8% 83.5°
SED P

Treatment 3258 < 0,001

Dose 2171 =0.001

Treatment x Dose | 6.516 < 0.1

Table 1. Inhibition of protozoa activity (% in respect to the control, no addition) by dihydrohaemanthamine
and derivatives of haemanthamine and dihydrohaemanthamine, added at 0.125, 0.25, 0.5 or 1 g/L. SED:
Standard error of the difference. **Means with different superscript differ significantly by dose within
treatment.

compounds and doses (P < 0.001). Only total gas produced after 24 h was unaffected by the treatments, although
all derivatives had an impact on methane emissions (P < 0.001).

Whereas slight increases in pH (P < 0.001) were observed in the presence of the synthetized compounds,
the concentration of total volatile fatty acids (VFA) decreased (P < 0,001) by 19 and 26% when they were added
at 0.5and 1 g/L, respectively. Dihydrohaemanthamine 6, its derivatives (7-10) and haemathamine derivatives
(2-5) caused shifts in the molar proportions of VFA towards lower acetate and higher propionate (P < 0.001), to
different extents depending on the compound. The greatest effect was observed with the dihydrohaemanthamine
derivatives, and particularly 8, 9 and 10. For most of the synthetized compounds, whilst molar proportions of
butyrate increased (P < 0.001), those of branched chain volatile fatty acids (BCVFA) decreased (P < 0.001). All
compounds caused decreases in ammonia concentration (P < 0.001), this effect being greater with dihydrohae-
manthamine 6 and the derivatives of haemanthamine (2-5).

Discussion

Alkaloids of the amaryllidaceae family have been reported to have a wide range of biological activities®. Some
of these alkaloids are of particular interest because of their potential use in the treatment of protozoal diseases
such as leshmaniasis, trypanosomiases and malaria®, whilst antibacterial and antifungal activities have also been
described .

Several studies aimed at developing antimalarial drugs on the relationship between the structure of novel syn-
thesised compounds and their biological activity have been published''™"*. Cedron ef al.' observed that haeman-
thamine derivatives with a methoxy group at C-3 and the presence of a free hydroxyl group at C-11 were more
effective against protozoa than other derivatives; this antiprotozoal effect was also associated with the presence of
a double bond at C1-C2".

The aim of this work was to study the relationship between the chemical structure of certain compounds and
their effects on rumen protozoa and fermentation pattern; thus, nine compounds were synthetized from the nat-
ural alkaloid haemanthamine. The chemical modifications were carried out on the hydroxyl group at C-11 and/
or on the double bond presents at C1-C2 in ring D. The hydrogenation of the double bond at C1-C2 of haeman-
thamine resulted in the derivative dihydrohaemanthamine 6. Haemanthamine (2-5) or dihydrohaemanthamine
(7-10) derivatives were obtained by esterification of the hydroxyl group at C-11 with acetate (2 and 7), butyrate (3
and 8), pivalate (4 and 9) or hexanoate (5 and 10). '"H NMR and “C NMR spectra of each compound are shown
in Supplementary Information.

All the compounds tested showed antiprotozoal effect that differed between treatments and doses, with dihy-
drohaemanthamine derivatives being more effective in inhibiting protozoal activity. Since the simple esters made
the derivatives more lipophilic than the non-esterified molecule, it may have allowed them to cross the cell mem-
brane of protozoa increasing then their antiprotozoal activity. The esterification of the hydroxyl group of dihy-
drohaemanthamine with hexanoate (derivative 10) increased the antiprotozoal effect dramatically. However, the
same modification of the haemanthamine molecule (derivative 5) reduced the antiprotozoal effect. This decrease
in activity, particularly at the lowest doses tested, was also observed with haemanthamine derivatives obtained
by esterification with butyrate and pivalate (3 and 4) as compared with those of dihydrohaemanthamine with the
same modifications in the structure (8 and 9). However, when the substituent was acetate, dihydrohaemanth-
amine derivative 7 was less effective inhibiting protozoa than the corresponding haemanthamine derivative 2 or
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& 6200|5140 46.9° s 4550 36.8¢ 1648 | 400 2600 185|240 9.0 270|258 2058

o 620|513 55.6% 588 | 446" 418° 164 | 262 330 185 |20 17.0° b R 4.18°

10 629" | 556 623 5860 | 413" 412° 164 | 272 37.9° 185 |3 10,5 27 |228% 205*
SED SED P SED P SED P SED B

Treatment 1.630 0.001 1110 =0.001 0.572 =<0.001 0.643 =0.001 0.061 <0.001

Dose 0.943 =0.001 0.638 =0.001 0.330 <0.001 0.371 =0.001 0.035 0.004

-g;e‘““e““‘ 1830 |00 1910 | <0001 0991 [<0.001 Lo | <0001 0106 | <0001

Table 2. Effect of dihydrohaemanthamine and derivatives of haemanthamine and dihydrohaemanthamine
(added at 0.5 and 1 g/L) on total (mM) and individual (% of total VFA) after 24 h of incubation. VFA: volatile
fatty acids; BCVFA: branched chain volatile fatty acids; SED: Standard error of the difference. *"Means with
different superscript differ significantly by dose within treatment.

Haemanthamine derivatives
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3 610t [s20e  [e3s 712|512 |34 502 |2zpe  [lo77 200 |opo3 | o003
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] 6197 | 633" 637 71P | 665 676 517 | 2L4® 19.30° 299* | 0003 | 0.003°
9 6100 | 831F | e3F 1P | s94 8.71% 517 | 20.20% 17.75° 209% | 0003 | 0.003°
10 610 |28 |82 712 |88 |s082 2502 | 19358 18.38 200 [0003 | 0003

SED P SED P SED P SED P

Treatment 0019 | 0.0z 0120 | =0.001 0.730 0.176 0251 | <0001
Dose 0011 | <0001 0110 | =0.001 0.421 =0.001 0145 | <0001
E'::E““”“x 0033 | <0001 0320 | <0001 126 0.330 0434|0154

Table 3. Effect of dihydrohaemanthamine and derivatives of haemanthamine and dihydrohaemanthamine,
added at 0.5 and 1g/L, on pH, ammonia (mM) and total gas and methane (mL) produced after 24 h of
incubation. SED: Standard error of the difference. **Means with different superscript differ significantly by dose
within treatment.

the dihydrohaemanthemine molecule. Our results indicate that the double bond present at C1-C2 in ring D may
only play a role in the antiprotozoal activity when combined with certain chemical modifications in the structure.

Although the concentration of total VFA was reduced by the synthetized compounds, as compared with the
control {no derivative added), a shift in the molar proportion of VFA towards propionate and, to a lesser extend
butyrate, at expenses of acetate was observed across treatments. While the increase in propionate was substantial
with 9 and 10 (33.9 and 37.9%, respectively, vs 16.4%), increases in butyrate were not observed in incubations
with these compounds.

Dihydrohaemanthamine derivatives had the greatest effect on the molar proportions of VFA, which
is in line with the effects observed on protozoa activity, followed by haemanthamine derivatives and
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Figure 2. Effect of dihydrohaemanthamine 6 and derivatives of haemanthamine (2-5) and
dihydrohaemanthamine (7-10), added at 1 g/L, on fermentation pattern after 24h of incubation. Each

axis represents one compound tested. Each point in the plot represents a value for total VFA (mM), molar
proportions of acetate, propionate and butyrate, ammonia or methane reduction (percentage in respect to the
control, no addition) and inhibition of protozoa (percentage in respect to the control, no addition).

dihydrohaemanthamine. Similar effects on molar proportions of VFA were observed when acetate was esterified
to haemanthamine or dihydrohaemanthamine, contrary to what was observed when studying protozoal activity.

Interestingly, dihydrohaemanthamine and derivatives of haemanthamine were more effective in reducing
ammonia concentration (by 18-24% and 9-27%, respectively) than dihydrohaemanthamine derivatives, being 8
and 9 the less effective compounds (2.5-6% reduction). The reduction in ammonia in the presence of the deriv-
atives could be explained by the observed effect on protozoa, involved in the turnover of bacterial protein in the
rumen'?, and possibly an inhibitory effect on high ammonia-producing bacteria. The esterification of the dihy-
drohaemanthamine molecule, however, decreased the ability of the compounds to reduce ammonia, as compared
with that observed for dihydrohaemantamine.

All derivatives seemed to have a remarkable effect on methane emissions; whereas dihydrohaemanthemine 6
and compound 4 decreased methane by 35-45% and 66-84%, respectively, the rest of derivatives caused almost
the complete inhibition of methane production, even at the lowest concentration tested. This may suggest a direct
effect of the derivatives on the population of methanogenic archaea.

The different effects of the compounds added at 1 g/L on fermentation parameters are illustrated in Fig. 2 in
which molar proportions of VFA, the percentage of reduction of ammonia and methane, and the percentage of
inhibition of protozoa activity are plotted in a figure with 9 axes, one for each compound. The esterification of
dihydrohaemanthamine with hexanoate, acetate, butyrate or pivalate led to a greater effect on VFA, although it
did not seem to have the same impact on ammonia concentration, as compared with the effects observed with
the rest of derivatives. The esterification of either haemanthamine or dihydrohaemanthamine did not seem to
enhance the inhibitory effect on ia, as a greater reduction was observed with dihydrohaemanthamine. All
the esterified compounds, however, were more effective in decreasing acetate and increasing propionate molar
proportions than the dihydrohaemanthamine molecule. All derivatives, when added at 1g/L, showed a great
antiprotozoal effect and inhibited, almost completely, methane production.

It appears that whilst certain modifications in the chemical structure may influence some aspect of rumen
fermentation, they may not necessary have an effect on others. Since the stability of the compounds overtime was
not evaluated, it cannot be ruled out that the observed effects on fermentation could be also due to the potential
breakdown products obtained from these derivatives. Studies to characterize the changes in rumen microbial
communities associated with the effects of these derivatives on rumen fermentation are needed to understand
which structural features may play a role in improved feed efficiency. The evaluation of the effects of other substit-
uents and/or more than one variant in the structure as well as the synergistic effects is also suggested. However,
it is clear that relative small variations in the structure of a compound can have a significant influence on their
biclogical activity in terms of the ability to manipulate gut fermentation. Thus, future studies on the effect of plant
extracts on fermentation in the gut of farm and companion animals need to combine detailed chemical charac-
terisation of the extract used together with examination of the biclogical effects in the gut.

Methods
Synthesis of haemanthamine derivatives. Haemanthamine (extracted from Narcissus Carlton) was
provided by Agroceutical Ltd. Synthesis pathways used are summarised in Fig. | and described in detail in the
Supplementary Information.

The purity of the synthesised compounds was established by quantitative nuclear magnetic resonance (gNMR)
spectroscopy using a Bruker Ultrashielded 400 spectrometer (Bruker Corporation, Coventry, UK) confirming
purities of >98% for all derivatives.
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Measurement of protozoal activity. The effect of dihydrohaemanthamine and derivatives of haemanth-
amine and dihydrohaemanthamine on protozoal activity was measured in vitro as the breakdown of [*C]-labelled
bacteria by rumen protozoa as described by Wallace and McPherson'®. Isotope-labelled bacteria were obtained
by growing Streptococcus bovis ES1 in Wallace and McPherson media'® containing ['*C] leucine (1.89 pCi/7.5mL
tube) as the sole nitrogen source, for 24h. Cultures were centrifuged (3,000 g, 15 min), supernatant discarded and
pellets re-suspended in 7 mL of simplex type salt solution'” (STS) containing '*C-leucine (5mM). This process
was repeated three times to prevent re-incorporation of released ['*C] leucine by bacteria.

Rumen digesta was obtained from four rumen-cannulated Holstein-Frisian cows (four replicates) fed at main-
tenance level (composed of perennial ryegrass hay and concentrate at 67:33 on a DM basis). Animal procedures
were carried out in accordance with the Animal Scientific Procedures Act 1986 and protocols were approved by
the Aberystwyth University Ethical Committee. Rumen digesta was obtained before the morning feeding and
strained through two layers of muslin and diluted with STS (1:1) containing *C-leucine (3 mM). Diluted rumen
fluid (7.5 mL) was then incubated with labelled bacteria prepared as described above (0.5mL) in tubes containing
no additive (control) or 0.125, 0.25, 0.5 or 1g/L of the compounds. Incubations were carried out at 39°C under
a stream of CO, and tubes were sampled at time 0 and at 1 h intervals up to 5h using a syringe with a 19 gauge
needle. Samples (0.5mL) were acidified (by adding 0.125 mL of 25% trichloroacetic acid (wt/vol) and centrifuged
(13,000 g, 5min). Supernatant (0.200 mL), was diluted with 2 mL of OptiPhase HiSafe 2 scintillation fluid ( Perkin
Elmer, Seer Green, UK) to determine the radioactivity released by liquid-scintillation spectrometry (Hidex 300
5L, Lablogic Systems Ltd, Broomhill, UK). Bacterial breakdown at each incubation time was expressed as the
percentage of the acid-soluble radioactivity released relative to the total radioactivity present in the initial labelled
bacteria™.

A simple linear regression was conducted to model the relationship between the percentage of radioactivity
released (relative to the *C-bacterial inoculum) and the time (from 0h to 5h), as well as its correlation coefficient.
The slope of this trend-line indicated the bacterial degradation rate (as % h~') and ultimately acts as a proxy of
protozoal activity.

Determination of rumen fermentation pattern.  To measure the short term effect of dihydrohaemanth-
amine and derivatives of haemanthamine and dihydrohaemanthamine on fermentation parameters, 24 h in vitro
incubations were carried out. The experimental design consisted of a control (no additive) and the compounds
added at 0.5 or 1g/L. The experiment was conducted in quadruplicate, using rumen fluid from the same four can-
nulated cows. Rumen contents were sampled before the morning feeding, filtered through a double layer of mus-
lin and diluted 1:2 in artificial saliva solution'®. Aliquots (10mL) of the diluted strained rumen fluid were added
anaerobically to 40 mL Wheaton bottles containing 0.1 g of diet composed of ryegrass hay and barley (40:60),
previously ground to pass through a 1-mm?® mesh screen. Bottles were sealed and incubated at 39 °C receiving a
gentle mix before sampling.

After 24 h of the incubation, gas was measured using a pressure transducer. After pressure was released, a gas
sample (0. 5mL) was collected from the headspace and immediately injected in a chromatograph (ATI Unicam
610 Series, Unicam Ltd., Cambridge, UK), fitted with a 40 cm Porapak N metal packed column (Agilent, Cheshire,
UK) and flame ionization detector, to determine methane concentration. Then, bottles were opened, pH meas-
ured and a sample was collected and divided in two subsamples: one of the subsamples (4 mL) was diluted with
1 mL of deproteinising solution (200 mL/L orthophosphoric acid containing 20 mmol/L of 2-ethylbutyric acid
as an internal standard) for the determination of VFA using gas chromatography, as described by Stewart and
Duncan'®, Another subsample (1 mL) was diluted with 0.250 mL of 25% trichloroacetic acid (wt/vol) for analysis
of ammonia using a colorimetric method™.

Statistical analyses. Trend line slopes were analysed statistically by randomized block ANOVA, with indi-
vidual cows as a blocking term. Inhibition of protozoa activity (% with respect to the control) and fermentation
parameters were analysed using ANOVA with treatment, dose and their interaction as fixed effects and cow as
blocking term. When significant effects were detected across the different doses, means were compared by Fisher’s
unprotected LSD test.

Data Availability
All data generated or analysed during this study are included in the published article (and its Supplementary
Information files).
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Zephycandidine A the first naturally occurring imidazo|1,2-f]phenanthridine alkaloid, isolated from
Zephyranthes candida (Amaryllidaceae ) has been prepared in three steps from the naturally occurring alka-

© 2020 Elsevier Ltd. All rights reserved.

Introduction

The isolation of zephycandidine A 1in 2016 | 1| from Zephyran-
thes candida (Amaryllidaceae) represented the first report of a nat-
ural product containing an imidazo[1,2-f]phenanthridine nucleus.
The structure of 1 was elucidated by a combination of spectro-
scopic analysis and predictive NMR calculations (Fig. 1).

This metabolite exhibited significant cytotoxicity against five
cancer cell lines, together with the ability to induce apoptosis in
leukaemia cells and displayed acetylcholinesterase (AChE) inhibi-
tory activity. Our own interest in alkaloids from Amaryllidaceae lies
in the isolation of alkaloids from species of daffodils and particu-
larly with the use of waste-stream material generated from the
commercial isolation of galanthamine. Galanthamine is currently
used in the early stage treatment of Alzheimer’s disease and simi-
larly works by inhibiting acetylcholinesterase (AChE) [2].

Discussion

We were particularly interested in zephycandidine A 1 due to
its structural similarity to the known [3] phenanthridine alkaloid
trispheridine 2. This metabolite was isolated |4| from Zephyranthes
candida, and has been the topic of total synthesis by several groups
[5]. We were particularly interested in the early report [6] of
Warren and Wright who demonstrated that pyrolysis of the

# Corresponding author.
E-mail address: chs027@bangor.ac.uk (PJ. Murphy).

https:{/doi.org/10.1016j.tetlet.2020.151785
0040-4039/© 2020 Elsevier Ltd. All rights reserved.

alkaloid haemanthamine 3 on a small scale led to the formation
of 2 in good yield. We theorised that trispheridine 2 might be con-
verted into zephycandidine A 1 and indeed the one-pot synthesis
of imidazo[1,2-f]phenanthridine from phenanthridine reported
by Cronin and co-workers [7] was suggested as a potential syn-
thetic method by the group that isolated 1 [1].

Access to daffodil waste-stream material from the isolation of
galanthamine from Carlton daffodils [8] allowed us to access
large quantities (>100 g) of haemanthamine 3. Haemanthamine 3
was obtained by basification and extraction of an aqueous plant
extract followed by recrystallization of the mixed alkaloids
obtained from acetone.

We attempted to repeat the work of Warren and Wright [6]
(Scheme 1) who reported that by mixing 3 with powdered zinc
and heating the mixture at an unspecified temperature, a high
yield of 2 was obtained. In our hands, results on a small scale
(100-200 mg of 3 and 3-40 equiv. of Zn dust) were not encourag-
ing. These gave either no conversion at lower temperatures (100-
150 °C), partial conversion at 150-190 °C or complete decomposi-
tion at higher temperatures (195-220 °C). Reactions on a larger
scale suffered from similar problems in that heating over commer-
cially available zinc powder led to a poor conversion at 180-195 °C
(Table 1, entries 1-4) whilst heating at 210-220 °C led to near
complete decomposition. (Table 1, entry 5). Performing the reac-
tion in air (Entry 1) or under nitrogen (Entry 2) or partial vacuum
(Entry 3) had no apparent effects. In these cases haemanthamine 3
was dispersed onto the zinc by evaporation from a methanol
solution. Variations in the equivalents of zinc used were also not
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Scheme 1. Synthesis of Zephycandidine A 1. Reagents and conditions: (a) Heat,
190-195 °C, 24 h (see Table 1), 20% (99% based on recovered 3. (b) 1,2-
dibromoethane, 90 <C, 7 days. (c) (i) NHs3 (liquid), =78 *C to —33 °C, 1 h. (ii)
MnQ;, NaCOs, —78 “C, 1 h, then overnight warmed to rt. (iii) Toluene, reflux, 3 h,
54% (over 2 steps).

effective in improving the yield (Table 1, entries 1-3). Additionally,
the use of freshly activated zinc powder (Table 1, entries 6-7) gave
little improvement; in these cases 3 was mixed with the zinc and
ground to a fine powder. Considering a possible mechanism for this
transformation (Scheme 1) we can visualise a fragmentation of 3
leading to imine 5, methanol and acetaldehyde enol. Tautomerisa-
tion of 5 leads to 6 which upon oxidation, possibly by acetalde-
hyde, leads to compound 2 (Fig. 2).

This mechanism suggests that the zinc is superfluous to this
reaction and we repeated the pyrolysis reaction in its absence.
Thus, heating 3 in a sealed tube at 190-195 °C for 24 h led to the
formation of 2 in 20% yield together with recovered starting mate-
rial in 79% yield (Table 1, entry 6). Repeating the pyrolysis for a
longer time did not lead to a higher yield as considerable darkening
of the reaction was observed after 2 d and complete decomposition
was observed after 5 d. We dispersed 3 on sand to prevent direct
contact with the oil bath and repeated the pyrolysis but again
obtained a lower yield (Entry 9). We next performed pyrolysis

reactions in decalin at various temperatures and found no reaction
at 175-180 °C over 5 d (Entry 10) and partial conversions at 180-
185°C (Entry 11) and at 190-195 °C (Entry 12) over 7 d. In the lat-
ter two cases decomposition was apparent and the amount of
recovered starting material low. We also performed a reaction in
which we added acetaldehyde as a potential oxidant (Entry 13),
however this gave similar yields and levels of decomposition.
Whilst these reactions did not give the optimal conversion of hae-
manthamine 3 into trispheridine 2 previously reported [6], heating
3 under the conditions of entry 8 followed by recycling of the
recovered starting material gave reasonable quantities of 2 for
the synthesis of 4.

On heating 2 with freshly distilled 1,2-dibromoethane over
7 days a precipitate formed that was removed periodically to give
4 as an amorphous solid. The material yield for this process was
good, however the product was contaminated with significant
amounts (ca. 10-20%) of what was thought to be the hydrobromide
salt of the starting material 2. These two compounds were difficult
to separate and only small quantities of pure 4 could be obtained
by trituration in methanol. This by-product was thought to arise
from decomposition of the reaction solvent leading to the forma-
tion of HBr. We attempted to prepare the salt at a lower tempera-
ture over a longer time, however this did not alleviate the problem.
We decided to react this mixture under the conditions reported by
Cronin and co-workers [7] and thus it was added to liquid ammo-
nia at —78 °C and stirred until completely dissolved. The mixture
was then allowed to reflux (—33 °C) for 5 h, cooled to —78 °C
and an excess of MnO; and Na,CO: added. After warming to
—33 °Cover 1 h, the reaction was allowed to warm to rt overnight
to evaporate the ammonia. At this point the residue was suspended
in toluene and heated at reflux for 3 h. After filtration and evapo-
ration, purification by silica gel chromatography gave zephycan-
didine A 1 as an off white solid in 54% yield together with the
recovery of unreacted 2 from the previous step (Scheme 1).

Synthetic zephycandidine A 1 gave NMR data close to that
reported in the literature [1] when obtained at 400 MHz. This data
was obtained in CD;0D solution as used in the literature but due to
varying amounts of HOD in the sample significant variations in
chemical shift on standing and on reanalysis were observed. This
might possibly have been due to small variations in the pH of
the sample solution. Additionally, as 1 was only sparingly soluble
in CD30D we observed that without precise control of concentra-
tion and temperature very small variation in chemical shift
occurred between different experiments. Reanalysis was subse-
quently performed at higher field (700 MHz) and the assignment
of resonances from the proton and carbon NMR spectra for 1 are
given in Table 2. The data agreed with the data reported previously

Table 1

Preparation of trispheridine 2.
Entry Scale f{ mmol) Temp./°C Zn/equiv. Time/h Yield 2% Recovered 3% Decalin/mL Sealed
1 166 180-90 36 3 10 (24) 59 0 No
2 19.1 190-95 72 24 4(8) 52 0 No
3 6.6 190-95 185 24 11 (9) 55 0 No
4 16.8 190-95 72 24 11(22) 50 0 No
5 169 210-20 72 7 7 o" 0 No
6 83 190-95 75' 24 1(14) 22 0 No
7 83 160-90 75' 48 10(13) 25 0 No
8 1.7 190-95 0 24 20 (99) 80 0 Yes
9 5.0 190-95 o 24 1(39) 73 0 Yes
10 6.6 175-80 0 120 0 85 2 Yes
11 6.6 180-85 0 168 8(15) 46 2 Yes
12 6.6 190-95 0 168 19 (22) 14 2 Yes
13 6.6 190-95 1 24 13 (39) 33 2 Yes

i) Yields in brackets based on recovered 3. ii) Considerable decomposition occurred. iii) Using freshly activated zinc. iv) 3 was dispersed on sand. v) 2 equiv. of acetaldehyde

was added.

95



PJ. Murphy et al [Tetrahedron Letters 61 (2020) 151785

WOH +  MeOH

tautomerism 0 O [O] O
e o0 L
N
(0] “"H <O O =N

Fig. 2. Possible mechanism for the formation of 2.

Table 2
Assignment of the NMR resonances for zephycandidine A 1.
Position '*Cjppm  'Hfppm [/Hz Comments
1 12521 8.39 dddd, 8.1,1.2, 0.6, 06 Couplings to protons at C2, C3, C4 and C10
2 1266 7.53 ddd, 8.1; 7.2; 1.2
3 1296 7.64 ddd, 8.2; 7.2; 1.2
4 1173 8.09 dd, 8.2; 1.2, 06 NOESY correlates protons at C4 and C11
4a 1321
6 1436
6a 1195 HMBC correlates carbon at C6a to proton at C10
7 1029 7.81 d, 06
8 150.5
9 1514
10 102.8 7.80 dd, 0.6, 0.6
10a 12523
10b 1229
11 113.7 8.28 d, 1.5 NOESY correlates protons at C11 and C4
12 1312 7.50 d, 1.5
CH, 103.5 6.15 d, 0.5 This residual dipolar coupling is a result of some molecules of 1 having preferential orientation in solution

at 16.44 T and it has been documented for aromatic molecules before [8].

T
H
&
LT
— & &
Le
€11; 113.65ppm - 8.282ppm -
—— [] . k
¢
I ao
-8
— 1]
S °
re
D T T T T T T
84 82 BO 78 78 F2 [ppm]

Fig. 3. Section of HSQC spectrum with the marked correlations at C11 and C12 positions.
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[1] except for the protons at positions C-11 and C-12 which were
misassigned in the original report. The HSQC spectrum of 1 indi-
cates a clear correlation between the chemical shift of the signal
at 113.7 ppm (C-11) and the proton at 8.28 ppm and the signal
at 131.3 ppm (C-12) and the proton at 7.50 ppm (Fig. 3). Synthetic
1 was fully soluble in a 10:1 mixture of CDCl; and CD50D and gave
consistent NMR data. Full spectroscopic data and a comparison of
NMR data for synthetic and natural 1 is available in the ESL

Conclusion

In conclusion, the Amaryllidaceae alkaloid zephycandidine A 1
has been independently synthesised for the first time from the
alkaloid haemanthamine 3 via the alkaloid trispheridine 2, con-
firming the proposed structure.
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Abstract

Background

Schistosomiasis is a prevalent neglected tropical disease that affects approximately 300 mil-
lion people worldwide. Its treatment is through a single class chemotherapy, praziquantel.
Concerns surrounding the emergence of praziquantel insensitivity have led to a need for
developing novel anthelmintics.

Methodology/Principle findings

Through evaluating and screening fourteen compounds (initially developed for anti-cancer
and anti-viral projects) against Schistosoma mansoni, one of three species responsible for
most cases of human schistosomiasis, a racemic N-acyl homoserine (1) demonstrated good
efficacy against all intra mammalian lifecycle stages including schistosomula (ECsq = 4.7 uM),
juvenile worms (ECsp = 4.3 pM) and adult worms (ECsp = 8.3 uM). To begin exploring struc-
tural activity relationships, a further 8 analogues of this compound were generated, including
individual (R)- and (S)- enantiomers. Upon anti-schistosomal screening of these analogues,
the (R)- enantiomer retained activity, whereas the (S)- lost activity. Furthermore, modification
of the lactone ring to a thiolactone ring (3) improved potency against schistosomula (ECsg =
2.1 pM), juvenile worms (ECso = 0.5 uM) and adult worms (ECsq = 4.8 uM). As the effective
racemic parent compound is structurally similar to quorum sensing signaling peptides used by
bacteria, further evaluation of its effect (along with its sterecisomers and the thiolactone ana-
logues) against Gram* (Staphylococcus aureus) and Gram’™ (Escherichia coli) species was
conducted. While some activity was observed against both Gram* and Gram’ bacteria spe-
cies for the racemic compound 1 (MIC 125 mg/L), the (FA) stereoisomer had better activity
(125 mg/L) than the (S) (>125mg/L). However, the greatest antimicrobial activity (MIC 31.25
mg/L against S. aureus) was observed for the thiolactone containing analogue (3).

Conclusion/Significance

To the best of our knowledge, this is the first demonstration that N-Acyl homoserines exhibit
anthelmintic activities. Furthermore, their additional action on Gram™ bacteria opens a new
avenue for exploring these molecules more broadly as part of future anti-infective initiatives.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008630 October 19, 2020
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Author summary

Schistosomiasis, caused by infection with blood fluke schistosomes, is a neglected tropical
disease that negatively impacts the lives of approximately 300 million people worldwide.
In the absence of a vaccine, it is currently controlled by a single drug, Praziquantel (PZQ).
Although incredibly valuable in controlling disease burden, PZQ-mediated chemotherapy
is ineffective against juvenile worms and may not be sustainable should resistance develop.
The need to identify an alternative or combinatorial drug is, therefore, a priority in con-
tributing to the control of this parasitic disease into the 21% century. In this study, we have
identified a new class of anthelmintic, N-acyl homoserine lactones, which are normally
used by bacteria for quorum sensing and population density control. The tested N-acyl
homoserine lactones were active against all intra-human schistosome lifecycle stages, in
particular, when a thiolactone modification to the core N-acyl homoserine ring was made.
Interestingly, these N-acyl homoserine lactones also displayed antimicrobial activities
against Gram™ Staphylococcus aureus. By demonstrating broad activities against schisto-
somes and bacteria exemplars, this study identified a potential route for the further devel-
opment of a new anti-infective class.

Introduction

The development of drug resistant prokaryotic and eukaryotic pathogens is of great concern
for the sustainable control of both human and animal diseases; therefore, the need for new
anti-infectives is a global health priority. One notorious group of difficult to control pathogens
are those that cause the Neglected Tropical Diseases (NTDs). In total, 17 parasites/microbes
and their related infections are now identified as responsible for most NTDs worldwide [1],
with schistosomiasis, leishmaniasis and soil-transmitted helminthiasis causing significant dis-
ability adjusted life years lost per annum [2]. As vaccines are unavailable for the prevention of
most NTDs, a small number of chemotherapies remain the primary means of global control.
However, drug resistance or reduced susceptibility to these limited drug classes has been
reported for NTD-causing bacteria [3], fungi [4], helminths [5, 6] and protozoa [7, 8]. These
chemotherapy limitations have prompted an urgent need for research into the development of
new anti-infective agents. Nevertheless, funding to support this agenda is unlikely to originate
from the pharmaceutical sector due to the lack of financial returns associated with controlling
diseases predominantly affecting low to middle-income countries [9-11]. Thus, philanthropic
and public organisations are often driving the majority of new anti-infective initiatives target-
ing the NTDs with derived funding supporting research conducted in higher education or
research institutes.

One particular debilitating NTD, schistosomiasis, affects over 300 million people worldwide
[12] and is predominantly caused by infection with three Schistosoma species [L3]. Therapeutic
treatment involves praziquantel (PZQ) as the frontline control strategy. However, PZQ is inef-
fective against the juvenile stage of the parasite in vivo, which necessitates repeat administra-
tions to reach maximal efficacy in endemic populations [14]. Furthermore, PZQ is currently
produced as a racemic mixture and only the (R)—enantiomer is active; the (S)—enantiomer
contributes to some of the side effects including bitter taste and non-compliance in the young
[15]. These drug-related limitations, together with a constant fear of PZQ resistance develop-
ing, has fuelled investigations into the identification of PZQ replacement or combinatorial
anti-schistosomal drugs.
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Towards thisgeal, our group has recently identified several diverse starting points for anti-
schistosomal drug discovery. These indude diterpenoids [16, 17], triterpenaids [18], and epi-
genetic probes/inhibitors [19, 20]. While the primary focus of these investigations evaluated
compound-induced activity on Schistesoma mansoni { the schistoso me species responsible for
bath Old and New world schistosomiask), parallel studies were also conducted to quantify
anti-infective activities against other NTD-causing pathogens induding Fasciola hepatioa
(liver fluke) [16-18] ar NTD models such as Mycobacterium smegmatis (related to Mycobacte-
rinm leprae) [21).

In this present study, we assessed the anti-schistosomal activity of 14 in house prepared syn-
thetic compounds (or intermediate analogues of these compounds). As the most effective anti-
schistosomal compounds were structurally similar to N-acyl homoserines, a dass of signalling
molecule involved in bacterial quorum sensing and population density control [22], we addi-
tionally investigated their anti-microbial activity. Amongst the com pounds tested, one de mon-
strated moderate activity against Gram* { Staphwlococous aurews) bactera. Our collective
results demonstrate that N-acyl homoseines represent a new class of anthelmintics with addi-
tional activity against bacteria. Further development of these molecules could be pursued as
promising new chemotherape utics for schistosomiasis and other NTDs

Materials and methods
Ethics statement

All procedures performed on mice (project licenses 4003700 and PIBRCA6FD) adhered to the
United Kingdom Home Office Animals (Scientific Procedures) Act of 1986 as well as the Euro-
pean Unlon Animals Directive 201063 EU and were approved by Aberystwyth University's
(ALN Animal Welfare and Ethical Review Bodies (AWERB).

Synthetic methodology

Lactones (compounds 1-9) were prepared by the reaction of the lactone/ thiokactone, with the
required acyl halide in the presence of NEt, In chloroform or potassium catbomate in a two
phase water/ chloroform mbc (Scheme 1 in 51 Protocol). Yields and conditions are shown in
Table | and full srnthetic and spectroscople details are found in 51 Protocol

Compound storage and handling
All compounds were solubilised in DMSO (Fisher Scientific, UK) toa stock concentration of
1 mM and stored at -20°C wuntil required. Positive contrals for 8. manseni screens induded

PZ0 (Sigmea-Aldrich, UK) and auranofin (Sigma- Aldrich, UK), which were alo treated inthe
sarne manner 4 the test compounds

Secreening of 5. mansoni schistosomula

Biomphalaria glabrata (NMRTand the previously described pigmented strains [23]) snails
infected with 5 mansoni (Puerto Rican strain) were shed for 2 hrs under light at 26 °C. Cercar-
lae were collected, mechanically transformed into schistosomuls [24] and subsequently pre-
pared for high throughput screening (HTS) on the Roboworm platform as previously
described [17]. Schistosomula were cultured in Basch Media{composed of BME media, 10%
M16% media, 0.5x MEM vitamins, 10% Schneider's insect media, 15.6mM Hepes, 5% heat
inactivated FBS, 2x Antibioticfantl-mycotic (Sigma- Aldrich, UK) solution (fimal concentra-
tions shown ).
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Table 1. Preparainry summary of compounds 1-9.

Compound X z [ * e Mathaoxd ¥idd Mp/C
1 Br L8] H Racemic HA A T5R BT
2 Br L8] Bl Racemic Hiacemmic A 13% I57-&
E] Br & H Hacamic MA B 4% mi-3
4 Br £ Bl Racemic Hiacemmic B Ti% 528
5 Br o H R HA B % Bo-3
& Br 0 H 5 HA B 14% Bo_3
7 L& ] L8] H Racemic HA A L] m-5
E] L& ] £ H Racemic HA B &1% 4-7
k) L& ] L8] Bl Racemic Hiacemmic A 5% HE-T

The symiols

= and

" refer i the abeokode configoraton & #he carbon centres indicatad in scheme 1.
NA = Notapplicable
Z=O,5R=H M

Compounds were initially tested at a final concentration of 1 pM and those that were
active were further titrated at concentrations of 10, 5, 2.5, 125 and 00625 pM. EC.4, values were
calculated from the titrated concentrations by non-linear regression, after log transformation
of concentrations and data nomal Eation wsing GraphPad Prism 702,

Screening of adult 5. mansoni blood flukes (7-week worms)

Adult 5. mansoni parasites were recovered by hepatic portal vein perfusion from TO outhred
mice (HsedOlaTO, Tuck-Ordimary, Envigo, UK) that were percutanecusy infected seven
weeks eadier with 180 cercarise. Three adult worm pairs per well, in duplicate, were trans-
ferred into 48 well plates (Fisher Scientific, Loughborough, UK) and cultured at 37 °Clin an
atmosphere containing 5% CO, in DMEM (Gibeo, Palsley, UK) containing 10% w'v HEPES,
1{r% wiv Foetal Bovine Serum (FBS), 0.7% wiv 200 mM L-Glutamine and 1Xv/v penicillin-
streptomycin. Worms were dosed with test compounds at 20 phd, 10 ph, 5 pM, 2.5 pM,

1.25 pMand 00625 pM (in 0.2% DMS0) for 72 he. Adult worms were scored manually at 72 hr
usng the WHO-TDR metric scoring systern as described previousy [25]. Dose response
curves and ECs values were obtained by non-linear regression, after log transforrmation of
concentrations and data norealization using GraphPad Prism 702 At 72 hr, the medium
from each well was also collected, centrifugedat 350 x gfor 2 min. Afterwards, the supernatant
was removed, and the remaining egg pellet re-suspended in 10% vifv formalin. Eggs that were
ovaland contained a fully frmed kateral spine were subsequently counted.

Sereening of juvenile 5. mansoni blood flukes (3-week worms)

Juvenile 5. mansoni parasites were recovered via hepatic portal vein perfusion from TO out-
bred mice (HedOlaTO, Tuck-Ordinary, Envigo, UK) that were infected percutaneously three
weeks eadier with 406 cercarize. Preparation and centrifugation of juvenile worms have been
described previously [18]. Briefly, juvenile worms (n = 13-33 individuals'well) in 200 pl of 3
D6-well tissue culture plate were co-cultured with compounds (15 p, 7.5 pM, 3.75 pM,

183 pM, (084 pM and 047 p (in 125% DMS0) in DMEM (Gibco, Pabsley, UK) supple-
mented with 10% v'v HEPES (Sigma- Aldrich, Gllinghar, UK), 10% v/v FBS (Giboo, Paidey,
UKD, 0.7% w'v 26 mM L-Clutamine (Gibco, Paisley, UK) and 1Xviv penicillin-stre ptom ycin
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(Fisher Sclentific, UK). Positive control wells induded either PAQ or auranofin (15 pM in 1.25%
DMS0) whereas negative wellsincduded DMSO (1.25%). Parasites were Incubated at 37 "Cln
anatmosphere containing 5% O0 for 72 hr at which time worm motility was scored between
and 4: 0 = dead, 1 = movement of the suckers only and slight contraction of the body, 2 = move-
ment at the anterior and posteror reglons only, 3 = full body mwovement but sheggish and

4 = normal moverse nt. After motility quantification, 2 ug'ml of PI was added to each well and
the plate retumed to 37 C, 5% CO: for 15 mimtes [ 16]. Each well was subseque ntly lmaged on
thie Resksowirn platiomn wsing beghtfield and fluorescent micrmscopy (axcitation wave-

length = 580 niy e nulssion wavelength = 604 nm). The mumber of PIpositive vs PLnegative
juvenile wormms were cross-checked with the motility scores obtained by our scoring mateix, and
the data reported s percentage of PL positive across all parasites within the well ECs values
were calculated from the motility scores obtained from the dose regponse titration (as detailed
above ) and dose response curves were obtained by non-linesr regression, after log teansforma-
tion of concentrations and data normal zation wsing GraphPad Prism 702,

Cell cytoloxicity assays

The cytotoxicity of each compound was asessed on human HeplR2 cellsas described previ-
ously [17]. Briefy, 2 x 10* cells/well were seeded in black walled %6-well microtiter plates
{Fisher Scientific, Loughborough, UK) and incubated for 24 hr at 37°C Ina humidifled atmo-
sphere contalning 5% CO0,. To each well, com pounds were subsequently added to obtain fimal
concenteations (in 1% DMSO) of 100 pM, 75 pb, 50 pbd, 25 pM, 10 pM and 5 pM. Following
a further incubation for 24 he, the MTT assay was peformed a previowsly described [17, 27).
Diose response curves were obtalned by non-linear regression, after log tramsformation of coi-
centrations and data normalization udng GraphPad Prism 700

Bacterial growth, minimum inhibitory concentration (MIC) caleulation,
and EC 5, determination

5 anrens ATCC 20213 and E coli ATCC 25922 were cultured in Luria-Bertani (LB) medium
at 37°C with aeration at 200 rpem for 24 hr, with 4l procedures performed in a biosafety level 2
(BSI2) cabinet. Stationary phase cultures were then wsed for minimum inhibitory concentra-
tion (MIC) dete rmination using the broth microdilution method, in fresh LB medium, in a
De-well plate [28]. All compounds were tested in triplicate using an initial bacterial concentra-
tion of 5.0 = 107 colony forming units {CFU)/ml at a final concentration of 125 mg'L{5% and
2.5% viv methanol). Compounds with no visble growth at 125 mg/L were further evaluated
with progressing dilutions. The MIC was determined as the lowest concentration of a
compound at which no growth wasvisble after 24 hr. Dilutions were repeated in three inde-
pendent expe dments where the optical density (0Dgy) was measured ina Hidex plate spec-
trophotometer and absorbance data used for the caloulation of an ICse value. The ICssvalue
was obtalned froma dose pesponse titration (1250079 mg/L). Dose response curves were
obtaned by non-linear regression, after bog teansformation of concentrations and data pog-
inal kration wing GraphPad Prso 700

Bioinformatics

The names and structures { SMILES strings) of chemical compounds were identified in
PubMed abstracts in June 2001% using the chemistry text-mining software LeadMine v 3.1.2
(MextMove Software Ltd ) [22]. Chemical compounds were identified in all PubMed abstracts
containing any one of long list of words relating to schistosomes and anthel mintic fantipara-
sitlc compounds (e.g "schistosonma’, sporcyst’, sporocysts’, " mimddium’, "miscidia’,
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“sonule’, “somules”, schistosomuls’, schistosomulom”, cercariae’, ‘cercaria’, schistosome’,
‘schistosomes’, "antiparasitic’, "antinematodal’, ant el mintic’, ete). The structures of our
screening hits were compared to those of the chemlcal compounds ldentified in PubMed
abstracts wsing DataWarrior [30], by using DataWarrior's Similarity Analysis function with its
FragFP descrptor.

A map of the quorum sensing pathway in Preidomonas aeruginess was found wsing the
Eyoto Encydopedia of Genes and Genomses { KEGG) database. Through this database, the
NCBI Protein IDs and the coresponding amino acid sequences were obtained for LasR
(NP_250121), LasT (NP_250123), RhiIR (NP_252167), RHII (NP_252166). These sequences
were used as querles for a protein BLAST (BLASTp ) seanch agalnst the 5. mansoni genome in
Waormbase- Parsite [11].

Statistics

All Statistical analyses were conducted wsing GraphPad Prsm 7 software. To determine
significant differences amongst population means, a Kruskal -Wallis ANOVA followed by
Dunn's multiple comparisons test was wsed. p values are indicated as follows: * <005, <001,
20001

Results

As part of our anti-infective research activities, a totalof 14 synthetic compounds {induding
some intermediate amalogues 51 Table ) were entered into ascreening pipeline to identify
active molecules (Eig 1).

These 14 compounds (51 Table ) were initially screened against the larval stage of 5. mansoni
{schistosormula) (51 Fig). Amongst the collection, two compounds negatively afiected both
schistosomula motlityand phenotype meteis at 10 pM (Comm pound 1 and Compound E(S1A
Eig)). Subsequent titration of these two compounds demonstrated that Compound 1 was mare
effective (an average B, of 4.7 pM for phenotypeand motility) than Compound E (anaver-
age ECg of 5.6 uM for phenotype and motility (518 Fig)). Due to these initial anti-schistoso-
mula screens identifying compound 1 a8 being moderately potent, a total of 8 analogues, all
containling a lactone Fing core striscture but differing in functional growp mod ifications, wee
synthesised to further asess anti-schistosomal activities (51 Table).

Firstly, ina direct comparison to compound 1, each of the 8 analogues as well as compound
1 were titrated against the schistosomuls stage to asses compound-induced dhanges to para-
site motility andfor phenotype (Eig 2).

Ot oof the nine compounds titeated, fowr affected schist oo mula motility (44.4%; conn-
pounds 1, 3,4 and 5) (Fig 2A). Compounds 4 and 5 affected the motility of the parasites at
both 10 and 5 uM, whereas compound 1.and 3 affected the motility at all concentrations tested.
When evaluating compound-mediated alterations of schistosomula pheno types, five of the
nine compounds had an effect (55.6%; compounds 1, 3,4, 5and 7) (Fig 2B). Amlogues 4,5
amd 7 affected the phenotype of the parasites at 10 and 5 pM, compound 1 affected this metric
from 10 to 1.25 pM and compound 3 affected the phenotype of the schistoso mula at all con-
centrations tested. Therefore, a substitution of the simple lactone ring (1) for a thiclactone
ring (3) increased comparative anti-schistosomuls potency at all concentrations tested. Of par-
ticular interest is the companison of the two enantiomeric forms of Compound 1. The (R)-
emntionser (5) afected schistosomula for both phenotype and motility at 10 pM and 5 pM
concentrations. However, no anti-schistosomuls activity was observed for the (5)-enantiomer
(8], suggesting that stereo-specificity of N-acyl ho moserine iscritical to structural activiry rela-
thonships (SAR).
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WORKFLOW

Initial compounds screenad

n=14
Two hits at single point con- Compound 1 and
centrafion (10pM) against Compound E

schistosomula

l

Titration of the two hits Compound 1 is

against — )
) g most effective
schistosomula

l

Eight analogues of
compound 1
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l

All analogues and compound 3 Compound 3 most effective
1 tested on schistosomula

and adult warims

l

Compound 1 and 3 tested on =3  Compound 3 most effective
juvenile worms

l
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N-acyl homoserine lactone. =2 activity against S.aureus
Compound 1, 3, 5and 8

tested on 5. aureus and
E. coli

Hg 1. The screening pipeline uillised in this st lnfertive stady. A ot of 14 compoan ds were indtially soreened agains 5 maeeom
sch beiresoomvola at @ fina | oon cenmaton of 10 phi H s veere sofesqoently sobjeciad in diose respo nee o rason s with the most eflective ang
sch bstresoamyola compoan d {oampoand 1) sobeeqoendy being oeed asa emplate for ghe preparation of farther dervatives compoands
2-9). Compounds 2-9wene subsequen Sy sobjecied in dose respon & gtraions against schistosomo k and adoit wormsa. The mest
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efflective compoan ds {ori ginal compoand 1 and analogoe 3} wene next ttrated againa joven ile worms. Finally, compoonds 1,3, 5 and &
weere ddditiomally timated against bo g Gram” { & oureus) and Gram’ | E cofi} bacerial exemplars.

nifto Adolorg 0.1 371 Aoumal pdd (DOSES0 2001

Duse to initial indicat ions that these analogues had varying activitiesagainst the schistoso-
miulalifecyde stage { Table 2), the parent compound and its 8 amalogues (Com pounds 1-9)
wene subsequently screened against T-week old adult male and ferale worns (Eig 3.

Initially, these screens were conducted at 20 uM; any compounds that scored a 1 or O for
motility at this primary concentration were further titrated until no furthe r effect was
observed. For Compound 1, an ECy, for males was estimated to be 8.2 pM and for females
8.3 oM (Eig 34). Similar to the schistosomuls assays, the differences observed in adult parasite
miotility when treated with the (E)- and (5)- enantiomers of Compound 1 were striking. The
{ Ri-enantiomer (5) caused complete immobility at the highest dose of 20 ub; conversely, the
{ E)-emantiomer (6) did not have this effect. Estimated ECos for male and femmale parasites for
these two enantiomers were determined (Table 2), with Compound 5 ([ R)- enantiomer) hav-
ing greater activity than Compound 6 ((5)- emantiomer).

‘While the propanamide analogue (2) had no activity against the adults, the thiolsctone ama-
logue (3) had good activity (similar to its effects on schistosomula) with significant reduction
in motility observed down to 5 pM; BCees of 4.2 pM for males and 3.9 pM for fermales we re
determined (Table 2). The thiolactone propamamide analogue (4) only demanstrated lethality
at the highest concentration of 20 pM with an ECyg of W05 pMand 184 uM for males and
fermales respectively (Table 21 No lethality' maotility defects were observed for any of the
chlom-ambogues (Compounds 7, Sand 9).

As morbidity assoclated with schistosomiasis Is caused by egg-induced granuloma forma-
tion in tisues and the subsequent development of fibrotic lesions amund these granulomas
[32), compound-mediated modulation of in vifroegg production (as a surrogate for the in vive
pathology lnitistor) was nect assessed ( Elg 3B). Specifically, media derived from adult worm
cultures incubated with com pounds that resulted in complete immobility'lethality (com-
pounds 1, 3, 4,and 5; compound & was also included as the (5)- stereoisomer of compound 1)
werne collected and eggs counted (Fig 3B). Incomparison to the negative control DMS0), in
which egg counts ranged from 300-5%4 [ Average—408), all N-Acd homoserine bictones
affected fecundity. The parent Conpowsd (1) significanthy afiected egg laving down to 10 pM
(P = 0Ri22) when compared to DMS0. While both (R)-(compound 5) and {5)- (compound
6) enantiomers reduced egg production, the (R)- enantiomer was more effec tive. OF the com-
pounds evaluated, Compound 3 was, once again, the most potent. Here, fecundity was signifi-
cantly reduced at concentrations down to 25 pM (p = (u0413) when compared to DMS0
controls. While egg production was still affected at 1.25 uM, this was not statistically dgnificant
(= (9999,

Mext, we further evaluated the most potent analogue (compound 3) on 3-week old juvenile
wormn s and compared its effect to that induced by the racemic parent compound (1) (Eig4).

For compound 1, an BECy, of 4.3pM was noted with significant effect on worm motility
down to 7.5 pM (p= <00001) (Eig 4A) For the thiolsctone analogue (3), complete lnmmaobDity
was observed down to 094 pM (p < 00001 for all concentrations) and an ECy of 0.5 pM deter-
mined (Eig 48). Thisdata is consistent with the findings observed in schistosomula and the
T-week adult worm screens where incorporation of a thiclactone resulted in maore effective
anti-schistosomal activity. To additionally demsonstrate that these N-Acy]l homoserine lactones
led to juvenile wormn death, propidium lodide was wtilised in compound 1 and 3 co-cultures

(Eig3)

| el il vy . Tl o .
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Fig 2. Anti-schistosomula actvty of the eight anabogues compared to parent compound 1. A& il of 120

e rically ransdnrmead ahistosomol were co-onltared with sach oo mpoond, timated ot d oses beteeen 10 and
E25 pb Test plates were inonbated at 370 for 72 hrs in an abmoep here containing 5% 00, At 73, schistosamoola
were sonmed uxing the Hobowarm pladiorm for bogh mogling (A)and phenotype (B). Any compound thatindoced a
scane of bebow -035 formatility {A) and -005 for phenotype (B} wene oo sidered a hit. Badk sqoares indicate the most
posiove effec on motility or phenotype gey scale from dark grey io lighter shades of grey indicaesa progressive
resdnred compoond eficcy; white sqoanes indicate no ofecton either phenotype or motlity. 27 wines fior thisscnen
was (L4171 dor motlity and 057275 fior phen atype_ (C) Phenotypes of schistosomnla when treated with 10pM of sach
af ghe test compoands and aon ol

niftre A0 oA 0. 1.3 1 50urnal et d D00BER0 G002

The number of PI positive parasites when dosed with compound 1 was 100% at 15 and
7.5 uM concentrations, 13.3% at 3.75 pM and 0% for all other concentrations (Eig SA) Incon-
trast, co-culiure incompound 3 resulied in 100% of the parasites being PI postive down to
0.9 pM (Eig 5B); this result tightly aligns to the motility scores quantified by light microscopy
{Elg 4). Therefore, compounds 1 and 3 are not sim ply imemobilising the juvenile parasites but
are, o fact, killing them. To note, contral juvenile parasites were aloo assessed for PLuptake
{Eig 503 For DMS0) treated parasites, as expected with high maotility scores, 0% of the para-
sites soored PIpositive. Interest ingly, PEQ) treated parasites also displayed dmdlar results to
that of DMS0) treated parasites where % of the juvenile worms were PI positive. This is in
contradiction to PZQ)-treated parasites scoring the lowest (0-1) for motility (Eig 4) and illus-
trates that, while thisdrug decreases maotility, it does notkill juvenile stage parasites. Aurano-
fin-treated parasites were all (10d0%) P1 positive.

Evaluation of the indicative cytotoxic effect of these compounds against HepG2 cells was
subsequently tested Compounds 1-6 were titrated (from 200-1 pM) an Hep(a2 cells and co-
cultivated for 24 hre A previows large scale mammalian cytotocicity study indicated that -
mval Hepl2 cytotootc ity was observed within the firsst 24 his for 91% of the effactive

Table 2. Calculated By, OOy, and subsequent selectivity indices of N-acp] homose ines.

COMPOUND LD sausmmma’:a ADUI_'I'WDRMECH ]WEN.LLEWDRME(.“ | I-h‘p(il’.‘(‘n_
Fi 3! Mot by Male Female
1 5f C1{49-67) 3801 (2450 &2 (1 (T0-34) 31+ 43 435 CI{25.1-57.9
2 b [ >0 1 >30T bl L i =200
3 23 CI{1.7-3.1) 19T (1329 &2 {1 (35-48) 39 C1 3.4-45) st 187 CI{142-23.5
4 49 CI{45-572) 406 T (41500 b Ll b DL T8 C1{57-84 5}
5 4001 3 CI ) L b L 56 1 {40 860 4
& b0 [ T B0 [l R 160 1 {135-11) »ZOCT* = 10d CF
SELECTIVITY NDICES
1 79 115 53 53 1al
2
3 1 8 4.5 4.8 374
4 144 154
5 127 163
& L]

Avenage B g, calonkated for each compoand and life cpcle stage of the panasite. Valoes are expressed as pM concentrations and 95% oonfidence intervals are shown_ For

compoand 4 and 5, adult male B, bs sated @ w00 pM doe to a rapid recowery in maotlity obssrved betwaen 20 pb and 10 pM and, therefore, @ maore aocorate o8 mate
conld notbe obtained withoot furher gtration points beneeen 20pbl and 10pM.
* Ciom fidence intervals (CT) were not caloulatsd doe o no componnd effect ssen art ghee bi ghest d e tested
** Confidence intervalks {C1) not calonlable doe in the motility scones obtained & ghe tested con cemtrations being oo narmow {WHO-TDR soores of 3 and 4 anly or 0 and

4 onlyl and thersbre an aconrate 5% 1 ooold not be calonlased
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compounds [33); therefore, 24 hes continuous co-incubation of N-acyl bomoe Ane lactones
with Hep(a2 cells was selected for this study. The racemic compound (1) had an BCss of

43.5 pM (Table 2) on Hep(:2 cells. Evaluation of the individual e nantlomers dem onstrated
that { B)- and (5)- enantiomers had higher BCq concentrations compared to the parent com-
pound 1 {50.6 pM and = 1040 pM respectivelyl. Incorporation of the thiclactone (3) resulted in
greater cytotoicity (ECs = 18.7pM) with a2 3 fold increase in comparison to compound 1.

With the EC, data collected for schistosomula, adult and juvenile womns as well as the
CCopfor Hapl(El, the selectivity indices (51) could be determined for each of the compounds
tested (Table 2). For all lifecycle stages tested, the thiclacto ne analogue (3) had the lowest ECyg,
values however, italso had the poarest CCg values of all the compounds tested, which
resulted in some of the lowest S scores except for juvenile worms where a S1of 37.4 was
nated.

Diuse to D ted b fori tio n pegand lng potent bl targets of compound 1, we next conducted
an evaluation of structural similarities to previowsly published compounds as a first step
towards this goal (Eig &)

Using LeadMine and Datawarrior tools [ 30, compound 1 was found tobe structurally sim-
ilar to that of the N-butanoy-l-homoserine lactones C4-HSL and PAT-2 (Fig 6A) Within P,
aerugingsa, the N-3-oxo-dodecanoyl-1-homoserine bictone C12 and C4 signal through LasR,
and RhiR to faclitate quorum sensing [35] (Eig 68). In addition to this function, both C4 and
12 H5Ls regulate gene expression within P. aeruginesa as well as within several mammsalian
host cells [ 36-38]. Subsequently, we evalsated whether compound 1 may target sinuilar 5. man-
soni arthologues to those used by F. aeriginosa in facilitating C4-HSL and C12-H5L signal
transduction events Upon BLATSP analyses of the 5. manseni genome, our findings failed to
provide convindng evide nce for LasR, Lasl, RRIR, RHII (. aeruginesa) orthologues. This sug-
gests that our N-acyl homoserine analogue (1) i operating through differing mechansms to
that seen within bacteria, a5 has been postulated for mammalian srstems |37, 38].

As Cornpound 1 was structurally similar to N-acylbomoserine bctones, a compound das
inwolved in bacterial quoram sensing, we declded toassess its antimicrobial activity and deter-
mine if e mantiomer separation or lctone ring substitution would change this activity. Com-
pounds 1, 3,5 and 6 were thus screened against representative Gram™* { Staphylococcus aureus)
and Gram™ ( Escherichia coli) species at final concentrations of 125, 62.5, 31.25, 15.6,7.8 and 3.9
g L. Mindmwm inhibitory concentrations ( MIC) were determined and re present the mind-
mum concentration assoclated with no visible bacterial growth. The racemic compound (1)
showed a MIC of 125 mg/L for both bacteria species, which was asimilar value to that obtained
for the ( B)-enantiomer (5). Incontrast, the (5)-enantiomer (6) did not show any ac tivity
(> 125 mg/L) oneither bacterial species indicating that, similarly to the anthelmintic activity,
the { B}-enantiomer alone s responsible for the antimicrobial activity (Table 3). When the lac-
tone Ang was replaced with a thiokctone substituent (3), the activity was conslderably
improved leading to a MIC of 31 25 mg/L for 5. aurens (1Css = 259 mg/L) and 62.5 mg/L for
E. coli (TCq = 52.7 mgy/L) (Tabie 31,

Discussion

The drive to identify new anti-infectives is of paramount impo nance d e to the continuous
documentation and threat of drug resistant pathogens [39-42]. In particular, our research
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group has focused on identifying new chemotherapeutic compounds effective against 5. man-
soni, one of three major species responsble for human schistoso miasis.

In this study, 14 compounds were initially screened against schistosome parasites. It was
evident that compound (1) had good activity against a range of lifecycle stages {schistoso mula,
adult and juvenile worms); therefore, a further § amalogues (induding the separated enantio-
miers) were generated. Interestingly the (H)-enantiomer was more effective when compared to
the (5)-emantiomer in all of the parasitic asays conducted in this study; the ( R)-enantiomer
alone was also less toxic than parent compound 1 {ECy, 5060 and 43.5pM respectively). Itis
not surprising that different activities are associated with enantiomers, indeed PZC) itself is
onlyeffective viaits (F)- enantiomer [43]. For example, Patterson ef al demonstrated that the
{ Rj-enantiomer of PA-824 (a promising antitube roular deug) had greater activity (when com-
pared to the (5) enantiomer) against L. dowovani d uring im vivostudies [44]. Furthermore, Par-
edes ef al demonstrated that ( R)-alben dazole sulfoodde had greater anthelmintic activity
against T. solism when compared to (5)-albe ndazole [45). Our data, along with these and
other parasitic studies [46], provides dear evidence that compound chirality pepresents an
impaortant consideration for drug discovery progression and putative target identification.

Upain further exploration of structural activity relationships, we found that eloigation of
the N-acylchain led to decreased activity (1 vs 2; 3 s 4), while substitution of the lactone dng
with athiolactone improved activity (1 vs 3, 2 vs 4) and led to the most effective com pound 3.
Itis reasonable to speculate that should 3 beavailable as the pure (F)-enantiomer, improve-
ments in both antl-schistosomal potency and host cell cytotoxdcty would be found (dmilar to
those observed for compound 1 versus enantio mer pure (R) -5 and (5) - 6). A reduction in
schistosome fecundity was noted in cultures co-Incubated with 3 vs 4; therefore, it could be
argued that the addition of the methy group in position 2 to the thiolsctone a nalogue reduces
parasite fecundity.

Com parative structural amalysis revealed that compound 1, having been previously charac-
terised as an intermediary product of one-step procedures for producing Gram™ N-acyl homao-
serines [47, 48], was similar to that of quorum sensing N-acyl homoserines. [n recent years,
quorum sensing has become a focus of development as a target for new anti-infective treat-
ments [4%]. CQuorunm sensing is a method by which both eukaryotic and prokaryotic cells regu-
late gene expression in response to fluctuations in cell population densities. Of relevance to
parasites, Trypanosoma briecef is known to regulate its surrounding population by an analo-
gous quorum sensing mechanizm. Inorder to evade the host lmmunity response, trypano-
somes adopt a slender morphology to proliferate, and in order to enter their transmission
stage will transform into a stum py form in which they stop proliferating [50]. This d fferentia-
tion between two morphologically and molecular lifecycle stages is dependent on parasite den-
sity, and therefore canbe seen as atype of quorum sensing | 51, 52, Much work has gone into
identifying the mecdanisms responsible for this density sensing to provide potential quorum
sensing drug targets in trypanosomes [22]. Cuorum sensing in schisosomes (or other meta-
zoan endoparasites), to regulate lifecycle transitions, has not et been identified

‘With the identification of our parent compound having structural similarities to that of
quorum-sengng N-acyl bomoserines, we decided to evaluate compounds 1 and 3 (the most
effective compound against 5. mansoni), as well as the (R)- and (5)- enantiomers (5 and 6
respectively) against both Gram™ and Gram’ bacteria to assess their potential asantimicrobials.
Ohur findings in the bacte da screens were consistent with the 5 mansoni data in that 3 was the
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most potent, although only moderately active in comparison to dinical standards [53], N-acyl
homoserine against Gram” bactera and that the (R)- (5) was maore effective than the [ 5)- (6)
emntiomer. Furthermore, the thiokctone (3) had a 4 and 2- fold improvement in activity
against 5. awrens and E. :ﬂfirespecﬂm}y,compamd tocompound 1. It is interesting that N-
acyl homoserines should have greater effect against a Gram™ bacteria, which in natural envi-
ronments do not utilise these compounds as part of their quonum sensing regulation [24]. An
explation for increased inhibition of 5 aureus growth when trested with compound 3 ey
be due to cross-inhibition between bacteria species. It has previously been demonstrated that
bactefia undergo strategles to reduce the e fficacy of quorum sensing wsed by conpetitor bacte-
rial species and thus increase the likelibood of their own survival [54, 55]. The mle of N-acy
homoserines in this process of cell to cell bacte dal communication has been dearly demon-
strated for 5 aurens and P aeruginosa [ 54]. Here, N-acyl homoserines (e.g 3-ox0-Cp,-HSL)
produced by Gram™ P. asruginosa inhibit growth and virdence Bctor poodis tion of Gram ™

5 aureus. When co-inhabiting infected tissues, this N-acyl homose rine-mediated strategy of
cell communication provides P aeruginosa with a competitive advantage over 5. aurens. Other
studies have also demonstrated a role for N-acyl homoserines in mediating pathogen popula-
thon densities; for example, Candida albicans filamentation can be suppressed by 3-oo00-C -
HSL (homoserine lictone) produced by P. aerugingsa [57). Ttis, therefore, likely that our syn-
thetic N-acyl homoserine analogues (especlally thiclactone containing compound 3) inhibit 5
atirens growth in a similar manper as the above examples or those additional ones found in the
literature ilustrate {54, 55). For example, McInnis ef al have previoudy desgned and validated
a library of 21 thiolsctone analogues that were either naturally sccurring or non-native N-acy
homoserines and evaluated their effect as agonists and antagonists of LuxR-type quoram sens-
ing receptors in Foeruginasa (LasR), V. fischeri { LuR), and A tumefaciens (TraR). They were
able to demwnstrate the im proved potency of the thickcone analogues in comparkon to the
N-acyl homoserine parent com pound (similar to our findings here) [58].

In P. aeruginosa, its N-acyl homoserines prinarily function fyrough the transcription factors
LasR and BhIR, but simiar arthologues were not identified inthe 5. mansoni genome. How-
ever, it has also been shown that bacte dal N-acyl homoserines mediate cross- Kingdom comim-
nication by directly interacting with membrane Ipids; this medwanian of action may be
responsble for the anti-schistosonal eflects observed inour studies For examiple, long chain
N-acyl homoserines (e.g 3-ox0-C,,- HEL) can insert into cholesterol containing microdom ains
leading to changes in dipole potential, integral protein re-organisation and subseque nt activa-
tion of signal teansduction cascades [ 36 59, The intra-mamalian schistosome iscovered by
two tightly oppased lipid bilayers induding an inner plaswa membrane and an outer membra-
nupcalyx [£0-61]. The mee mbean ocalye has the highest density of intram embranous paticles
[£3] comprised of nutrdent transporters, transmembrane proteins and other gene products of
currently wnknown finction [64-66]. Also, itis ddh in newtral Iplds, cholesterol and phospho-
lipids [£7- 7). It s possible that the com pounds analysed in this study may bind to the choles-
terol rich regions within this me mbranocalye Laver, which subsequently cawses conformnationl
changes to the transmembrane proteins afecting their downstream signalling cascades This
could ultimately result in the phenotypes observed in our studies However, & oo pounds dis-
pliying greater lipophilicity did not necessarily increase anthelmintic activity, features such as
chemical spacelcomposition and sze may be more lmportant. Further expe dme ntation is
required to tease apart the mode of action of these anthel mintic compounds

1] e &l om0 mal o .
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To thebest of our knowledge, this is the first study to demonstrate that synthetic bacterial
M-acyl bomosednes analogues are effective against 5. mansenr. This is 2 new avenue of investi-
gation asthese compounds represent novel starting points for future anthelmintic drug discov-
ery studies. We have also demo nstrated the importance of enantlomer contribution, in line
with previows findings, and that some molecules display cross- pathogen activity. When taken
together, these findings could inform the development of new, broad-acting anti-infectives.

Supporting information

51 Protocol. Detalled materials and methods for chemical synthesis of compounds 1-9.
(DOCED

51 Table. Structural details of all compounds screened againg 5. mansoni in this study.
The first 14 com pounds represent the initial compounds screened. The following 8 are com-
pound | amalogues.

(XL5X)

51 Fig. Initial schistosomula screens of the 14 compounds and their intermediate ana-
logues, A total of 120 mechanically teansformed schistosomuls were co-cultured with each
compound, titrated at doses between W and 0,625 b, Test plates were incubated at 37°C for
72 hrs in an atmosphere containing 5% C0, At 72hrs, schistosomula were scored using the
Roboworm platform for both motility and phenotype as previously described [17, 25]. A) OF
the 14 compounds evaluated, two fell within the hit reglon. 2" scores for motility and pheno-
type were 040079 and 0.56846 respectively. B) Further titration of the two hit compounds
resulted in good compound effect being observed for compound 1 down toa concentration of
1.35 M. Z* scores for motility and phenotype were 0.37864 and 047882 respectively.

" Average ECss value across motility and phenotype is presented for each compound.

(TIF)
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