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The synthesis of polyketide natural products has been a captivating pursuit in organic chemistry, with a
particular focus on selectively introducing 1,3-polyol units. Among these natural products, Marinomycins
A-D have garnered substantial interest due to their exceptional structural features and potent cytotoxicity.
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In this paper, we present a novel approach for synthesising the monomeric counterparts of Marinomycin
A and B. Our method employs a previously established iterative cycle in conjunction with a standardised
polyketide building block. Through this strategy, we showcase a promising pathway towards total and

rsc.li/obc partial syntheses of these intriguing natural products.
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Introduction

The Marinomycins, a family of four compounds referred to as
Marinomycin A-D (1-4, Fig. 1), were initially discovered in

below 60 seconds, while encapsulation can extend its half-
life.”> The process of isomerisation as well as its complex
macrocyclic polyketide structure make the synthesis of
Marinomycin natural products a rather challenging task."

2006 by Fenical et al from a marine actinomycete,
Marinospora, on the coast of La Jolla, California.’ These com-
pounds have shown antibiotic properties against methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resist-
ant Enterococcus faecium (VREF), with MIC values ranging from
0.1 to 0.6 pM, as well as potent anti-cancer activity against
NCI’s 60 cancer cell line panel, with LCs, values ranging from
0.2 to 2.7 pM, displaying especially high selectivity against six
of the eight melanoma cell lines." Marinomycin A, B, and C
share a similar structure, differing only in the conformation of
the double bond adjacent to the aromatic cores (Ag_o), while
Marinomycin D possesses one extra carbon in its backbone.
Notably, the macrocycles Marinomycin A (1) and B (2) feature a
unique structural motif with a C2 symmetry. Fenical et al.
demonstrated that under ambient light irradiation, a solution
of pure Marinomycin A in methanol undergoes complete iso-
merisation at double bond Az, forming a mixture of
Marinomycins A-C in less than an hour. Harsh UV irradiation,
as shown by Evans, Mackenzie, and Goss in 2019, vastly accel-
erates the isomerisation process of Marinomycins A-D to

“Organic Chemistry, Bergische Universitit Wuppertal, Gauf3str. 20, 42119
Wuppertal, Germany. E-mail: sfkirsch@uni-wuppertal.de

bDepartment Chemie, Technische Universitdt Miinchen, Lichtenbergstr. 4, 85747
Garching, Germany

“BASF SE, Carl-Bosch-Str. 38, 67056 Ludwigshafen am Rhein, Germany
dPharmpur GmbH, Messerschmittring 33, 86343 Konigsbrunn, Germany 6H Marinomycin D (4)
1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d40b00742¢

Fig. 1 Structures of Marinomycins A-D (1-4).

This journal is © The Royal Society of Chemistry 2024 Org. Biomol. Chem., 2024, 22, 5127-5133 | 5127


http://rsc.li/obc
http://orcid.org/0000-0002-1646-418X
http://orcid.org/0000-0003-2628-8703
https://doi.org/10.1039/d4ob00742e
https://doi.org/10.1039/d4ob00742e
https://doi.org/10.1039/d4ob00742e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ob00742e&domain=pdf&date_stamp=2024-06-21
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ob00742e
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB022025

Open Access Article. Published on 07 June 2024. Downloaded on 11/22/2025 9:59:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

To date, only three groups have successfully synthesised
Marinomycin A, including Nicolaou et al in 2006,>* Evans
et al. in 2012, and Hatakeyama et al. in 2014.°

While Nicolaou et al. and Evans et al. employed consecutive
construction strategies to synthesise the target molecule,
Hatakeyama et al. chose a highly convergent direct dimerisa-
tion strategy of the monomeric compound. In addition to the
completed total syntheses of Marinomycin A, Cossy et al. pre-
sented two synthetic approaches for the monomeric counter-
part in 20077 and 2009.% Rajesh et al. further demonstrated a
synthetic route for the C13-C28 fragment.’

Results and discussion

Our approach to synthesise Marinomycin A and B revolves
around utilising key monomer 5 that could be cyclised
through a direct dimerisation via Sonogashira cross coupling
(Scheme 1).'®"" The triple bond in the resulting dimer (C-8-9
in 1 and 2) would allow for selective E- or Z-reduction, thereby
enabling access to both natural products.

To form Monomer 5, we utilised four building blocks: 6-9.
Fragment 6, which contains the terminal alkyne and a double
bond with a tributylstannyl moiety, allows for its connection to
7 via Stille cross-coupling.’® The polyol fragments 7 and 8
should be linked together wusing Julia-Kocienski
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olefination.”*™** The introduction of the densely substituted
aromatic core was planned through a photochemical esterifica-
tion method following the protocol established by de
Brabander et al.'®*®

1,3-Polyols were introduced on the basis of our previously
described strategies."*° we planned to employ the chiral
building blocks 10 and 11 in an iterative fashion for the con-
struction of the polyol-containing fragments 7 and 8.>** This
strategic approach facilitates the controlled introduction of
two stereogenic centres, resulting in an efficient and stream-
lined synthesis.

Our synthetic journey began with the assembly of aromatic
core 9 from 15 (Scheme 2). Initially, we synthesised the benzo-
dioxinone scaffold 16 through a reaction involving benzophe-
none, thionyl chloride, and DMAP. The obtained product was
subsequently transformed into the final fragment 9 using

Ph
o O+Ph
AcO )

Oy OH Ph
a) O5-Ofph b)
HO. OH —> Ho o} —_—
15 16

Scheme 2 Synthesis of 9; (a) Ph,C=0 (1.3 equiv.), SOCl, (1.3 equiv.),
DMAP (5 mol%), 0 °C to rt, 18 h, (DME), 30%; (b) Ac,O (1.8 equiv.), pyri-
dine (5 equiv.), DMAP (10 mol%), 0 °C to rt, 2 h, (DCM), 89%.

9
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Scheme 1 Planned approach for the synthesis of 1 and 2, R = TBS, R! = PMB, Ar = phenyltetrazole.
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acetic anhydride, DMAP, and pyridine, with an overall yield of
27%.

Fragment 6 was obtained through synthesis of vinylstan-
nane 17 starting from propargyl alcohol 12, which underwent
a palladium-catalysed hydrostannylation (Scheme 3).>*?*
Through MnO,-mediated oxidation Enal 18 was obtained in a
high yield of 97%,>>*® followed by conversion into the corres-
ponding alkyne 19 via Colvin rearrangement.”” Lastly, terminal
alkyne 19 was TMS-protected, which gave the product 6 in 31%
overall yield.

With the successful preparation of the first two fragments 6
and 9, we were now poised to tackle the synthesis of the polyol
fragments 7 and 8.

The synthesis of fragment 7 started with the TBS-protection
of (Z)-but-2-ene-1,4-diol (13) and subsequent ozonolysis of the
double bond. Reaction with the commercially available Wittig
reagent 21 then afforded aldehyde 22 in 94% yield with excel-
lent selectivity of E/Z > 20: 1 (Scheme 4).%*°

Next, the unsaturated aldehyde 22 was reacted with the
polyketide building block 10, using a Horner-Wittig reaction
previously established by us.*** The acetonide-protected
alcohol 23 was obtained in 83% yield (dr 1:1). However,
attempts to remove the acetonide during an acidic work-up
gave a mixture of the desired compound 24 and the conjugated
system 25. Alternative tests utilising various Lewis acids or
sterically demanding proton acids for the acetonide de-
protection (ESI, Table 1 entries 1-31)**? led to the formation
of complex mixtures. Best results were obtained with a vari-
ation of the methodology by Bai et al.*® Further optimisation
showed that the use of anhydrous CeCl; and addition of water
improved the yield and 24 was obtained in 63% (ESI, Table 1,
entry 77).

Consequently, we performed a syn-selective Narasaka-
Prasad reduction with B-hydroxyketone 24 to yield 1,3-diol 26
with  excellent yield and diastereoselectivity (>20:1)
(Scheme 5).***” TBS-protection of the diol gave substrate 27
under standard conditions. However, all our attempts to
convert terminal alkene 27 into aldehyde 7 were unsuccessful.

Despite testing a broad range of reaction conditions, the
internal double bond was more reactive, and the direct conver-
sion of the terminal double bond was never achieved. Also,
several two-step sequences, involving the introduction of a 1,2-

a) b)
& TOH —— Bus YoH —  Bussn” g

12 17 18

TMS
. d) c)
= =
Bu3Sn/\/ BuaSn/\//

6
19

Scheme 3 Synthesis of 6; (a) Pdx(dba)s (0.25 mol%), PCys (2 mol%),
BusSnH (1.15 equiv.), 0 °C, 3 h, (DCM), 56%; (b) MnO, (20 equiv.), rt, 18 h,
(acetone), 97%; (c) (i) nBulLi (1.35 equiv.), TMSCHN, (1.5 equiv.), -78 °C,
30 min, (ii) aldehyde 18 (1 equiv.), =78 °C to 0 °C, 90 min, (THF), 59%; (d)
(i) nBuLi (1.2 equiv.), =78 °C, 1 h, (ii) TMSCL (1.2 equiv.), —78 °C, 1 h, (iii)
—-78°Ctort, 16 h, (THF), 97%.

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Approach for the introduction of the first two stereogenic
centres; R = TBS; (a) imidazole (4.8 equiv.), TBSCl (2.5 equiv.), rt, 16 h,
(DCM), quant.; (b) (i) Os, —78 °C, 20 min, (ii) PPhs (1.17 equiv.), rt, 1.5 h,
(DCM), 81%; (c) 21 (1.2 equiv.), rt, 60 h, (benzene), 94%; (d) (i) DIPA (1.15
equiv.), nBuLi (1.15 equiv.), =78 °C, 15 min, (ii) 10 (1 equiv.), —78 °C,
60 min, (i) aldehyde 22 (1.3 equiv.), =78 °C to rt, 90 min, (iv) KOtBu (1.2
equiv.), rt, 60 min, (THF), 83%, (e) CeCls (2 equiv.), oxalic acid (25 mol%),
H,0 (2 equiv.), =78 °C, 16 h, (THF), 63%.

various one- or
two-step-methods

OR OR OR OR
. ) : :
RO Z 20 == 7/ RO Z F

7 27

Scheme 5 Unsuccessful attempts to introduce the aldehyde function
of fragment 7; R = TBS; (a) Et,BOMe (1.2 equiv.), NaBH4 (1.1 equiv.),
—78 °C, 2 h, (THF), 99%, dr > 20 :1; (b) imidazole (4.8 equiv.), TBSCI (2.5
equiv.), 0 °C to rt, 2 h, (DMF), 90%.

diol followed by its conversion into the aldehyde through
glycol cleavage, did not yield the desired product. As a result,
we decided to replace the TBS groups with an acetonide
(Scheme 6).

We were delighted to find that under dihydroxylation con-
ditions by Morken et al., previously unsuccessful with TBS pro-
tected diol 27, acetonide 28 was successfully and selectively
converted to the 1,2-diol 29.>® Treating 28 with B,pin, and
catalytic amounts of caesium carbonate led to the formation
of diol 29 with a diastereomeric ratio of 1: 1. Subsequently, the
diol was reacted with sodium periodate in a mixture of THF
and water, affording the desired aldehyde 30 in 85% yield over
two steps. However, it was later found that retaining the aceto-
nide protecting group was not feasible, as subsequent results

Org. Biomol. Chem., 2024, 22, 5127-5133 | 5129
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Scheme 6 Introduction of the aldehyde moiety; R = TBS; (a) 2,2-
dimethoxypropane (25 equiv.), PPTS (10 mol%), 330 mbar, 45 °C, 2 h,
98%; (b) (i) Bopin, (2 equiv.), Cs,CO3 (30 mol%), 70 °C, 16 h, (i) NaOH (6
equiv.), H,0, (23.4 equiv.), 0 °C to rt, 4 h, (THF/MeOH, 3:1), dr 1:1; (c)
NalO4 (2.2 equiv.), rt, 10 min, (THF/water, 1:1), 85% over two steps.

showed when subjecting 30 and 8 to a Julia-Kocienski olefina-
tion, where the acetonide function presented significant chal-
lenges in terms of selectivity and yield. Disappointingly, we were
also unable to directly convert acetonide 30 into the desired
TBS-protected substrate 7 due to the formation of various by-
products resulting from the presence of the free hydroxyl groups
and the aldehyde during deprotection.*® In consequence, this
necessitated a complex and multi-step deprotection-reprotec-
tion sequence involving the secondary alcohols to obtain 7, as
outlined in Scheme 7. First, the aldehyde function was reduced
to primary alcohol 31, followed by the installation of a PMB
group to yield 32 (Scheme 7). Subsequently, reprotection with
TBS chloride was carried out to form 33. Finally, PMB de-
protection and oxidation with IBX were performed, resulting in
the successful acquisition of the desired aldehyde 7.

The synthesis of fragment 8 commenced with (R)-methyl
lactate 14 as a commercially available chiral starting material
having the needed pre-existing stereogenic centre (Scheme 8).
Installation of a TBS group at the free hydroxyl function and
subsequent reduction of the ester to the aldehyde yielded the
desired compound 36 in 87% yield over two steps.*® The
Horner-Wittig reaction between 36 and 11 proceeded
smoothly, having 98% yield. However, direct deprotection with
aqueous work-up was impractical due to elimination reactions.

30
one-pot
method

OR OR e)
A A0
RO G z

7
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R & -
RO Z OH
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Scheme 8 Introduction of the three stereogenic centres of fragment 8;
R = TBS; (a) TBSCl (1.2 equiv.), imidazole (1.5 equiv.), rt, 30-60 min,
(DMF), quant.; (b) DIBAL-H (1.2 equiv.), =78 °C, 1.5 h, (DCM), 87%; (c) (i)
DIPA (2 equiv.), nBuli (2 equiv.), =78 °C, 15 min, (ii) 11 (1 equiv.), =78 °C,
60 min, (iii) 35 (3 equiv.), =78 °C to rt, 90 min, (iv) KOtBu (1.05 equiv.), rt,
60 min, (THF), 98%; (d) CeClz (2 equiv.), oxalic acid (25 mol%), H,O (2
equiv.), —78 °C, 16 h, (THF), 75%; (e) Sml, (0.75 equiv.), CHsCHO (3.5
equiv.), —=50 °C to —-20 °C, 16 h, (THF), 96%, dr > 20:1; (f) K,COs3 (2
equiv.), 0 °C to rt, 60 min, (MeOH/H,0, 3:1), 99%.

Previous efforts in our group indicated that such systems
tended to undergo elimination when directly deprotected with
hydrochloric acid, as typically done for acetonide deprotection.
Fortunately, we successfully deprotected the acetonide moiety
under the same conditions we used to produce 24, yielding
B-hydroxyketone 38 in 75% yield. This method demonstrated
good selectivity and prevented the formation of unwanted
elimination products. Selective anti-reduction was then accom-
plished using samarium(u) iodide and acetaldehyde under
Evans-Tishchenko conditions.*’ The reaction provided excel-
lent results with 96% yield and a dr of >20:1 for 39.
Deprotection lead to the formation of 40 in 99% yield.
Alternative one-step methods, like the anti-reduction under
Evans-Saksena conditions,***® lead to the formation of 40 in
good yields albeit with poor diastereoselectivities (see ESIT).
To introduce an orthogonal protecting group at C25 that
allows for the late connection with the aryl unit through ester
formation, we used 1-(dimethoxymethyl)-4-methoxybenzene to
protect the 1,3-diol 40 (Scheme 9). Reductive opening of acetal
41 with DIBAL-H resulted in excellent selectivity, yielding the

/\)\/O_\R/Q\R/
RO F OPMB

33

Scheme 7 Final steps in the synthesis of fragment 7; R = TBS; (a) DIBAL-H (1.3 equiv.), =78 °C, 1.5 h, (DCM), 92%; (b) NaH (1.2 equiv.), PMBCI (1.2
equiv.), TBAI (20 mol%), 0 °C to rt, 18 h, (DMF), 98%; (c) (i) PPTS (25 mol%), rt, 4 h, (MeOH),** (ii) TBSCI (6 equiv.), imidazole (10 equiv.), rt, 16 h, (DMF),
86% (2 steps); (d) DDQ (1.5 equiv.), 0 °C, 3 h, (DCM/pH7-buffer, 1:1), 64%; (e) IBX (1.5 equiv.), rt, 16 h, (DMSO), 79%.
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Scheme 9 Final steps for the synthesis of fragment 8; R = TBS; R* =
PMB; PT = phenyltetrazole; PMP = p-methoxyphenyl; (a) 1-(dimethoxy-
methyl)-4-methoxybenzene (1.5 equiv.), PPTS (7 mol%), rt, 16 h, (DCM),
89%; (b) DIBAL-H (4.45 equiv.), 0 °C, 10 min, (DCM), 85%; (c) TBSCI (1.5
equiv.), imidazole (3 equiv.), rt, 16 h, (DMF), 95%; (d) 9-BBN (3 equiv.), rt,
15 min, then H,O, (12 equiv.), NaOH (3 equiv.), rt, 4 h, (THF), 97%; (e)
HS-PT (2 equiv.), DIAD (1.8 equiv.), PPhz (1.5 equiv.), 0 °C, 4 h, (THF),
94%; (f) (NH4)6M0;024-4H,0 (20 mol%), H,O, (10 equiv.), rt, 3 h, (EtOH),
90%.

OR
Ph
OR OR N’.“‘j\l\ OR
= I o X =,
RO S ‘OR!
(oke)
7 8 a)
OR
OR OR OR
R'=PMB (46) RO NN “OR!
J I
=H (47)

Scheme 10 Initial fragment assembly via Julia—Kocienski olefination; R
= TBS; (a) (i) sulfone 8 (1.15 equiv.), KHMDS (1.2 equiv.), =78 °C, 30 min,
(ii) aldehyde 7 (1 equiv.), =78 °C, 2.5 h, (DME), 85%, E/Z > 20:1; (b) DDQ
(1.5 equiv.), 0 °C, 2 h, (DCM/pH7-buffer, 1:1), 90%.

47
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desired product 42.*>® Olefin 43 was obtained by TBS protec-
tion of the alcohol moiety, followed by the conversion of the
double bond to the primary alcohol 44 in 97% yield using
hydroboration and oxidative work-up.*” The aryl sulfide was
incorporated through a Mitsunobu reaction.”® The final step
involved the oxidation of the sulfide 45 to the sulfone 8, which
was achieved in high yield (90%), completing the synthesis of
the final fragment.

The assembly of the fragments started with a Julia-
Kocienski reaction between 7 and 8. The internal double bond
of 46 was formed with an excellent E/Z selectivity of >20:1 and
good yield of 85% (Scheme 10). The PMB group was then
efficiently removed using DDQ in a buffered dichloromethane/
water suspension, providing the desired product 47 in 90%
yield (E/Z>20:1).

The planned photoesterification represented a critical stage
in the synthesis of the ortho-disubstituted benzoate 49
(Scheme 11). De Brabander et al. initially introduced this reac-
tion, utilising light at a wavelength of 310 nm to generate the
quinoketene 48 as the reactive intermediate.'® Subsequently,
the quinoketene was expected to be captured by the secondary
alcohol 47 to yield the desired ester 49. Following reaction
optimisation, we achieved 49 with a moderate yield of 62%.
Subsequently, we successfully protected the free phenol group
as a triflate, in a high yield of 91%. However, unexpected
instability issues arose with the preinstalled acetate group.
Consequently, we opted for the deprotection and introduction
of a MOM group, providing improved stability to the system 50
for subsequent reactions. This two-step transformation was
achieved in a high yield of 95%.

Selective deprotection of the primary TBS group in the pres-
ence of the other secondary TBS groups proved to be a signifi-
cant hurdle in the final steps of the synthesis of 51
(Scheme 12). However, after several unsuccessful attempts, we
found suitable conditions for achieving the desired selectivity,
adapting a protocol developed by Menche et al.,*® where they
overcame this obstacle by utilising an excess of sodium period-
ate in an aqueous THF solution. Adapting the protocol to sub-

R'O

R'=Ac, R? = H (49)
b), c)|:
R' = MOM, R? = Tf (50)

Scheme 11 Photochemical introduction of the aromatic core; R = TBS; (a) 9 (2.5 equiv.), 310 nm, rt, 5 h, (DCM), 62%; (b) Tf,O (2 equiv.), pyridine (5
equiv.), 0 °C to rt, 2.5 h, (DCM), 91%; (c) (i) K,COs3 (0.5 equiv.), rt, 1 h, (MeOH/THF, 1:1), (i) MOMCI (2 equiv.), DIPEA (5 equiv.), 0 °C to rt, 16 h, (DCM),

95% (two steps).

This journal is © The Royal Society of Chemistry 2024
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Scheme 12 Final steps in the synthesis of the monomeric counterpart 5 of Marinomycin A and B; R = TBS; (a) NalO4 (6 equiv.), rt, 5 h, (THF/H,O,
4:1), 41% (87% brsm); (b) MnO, (50 equiv.), rt, 16 h, (DCM), quant.; (c) (i) nBuLi (1.5 equiv.), TMSCHN (1.8 equiv.), =78 °C, 1 h, (ii) aldehyde (1 equiv.),
—78 °C to rt, 4.5 h, (THF), 67%; (d) (i) CpoZrCl, (4 equiv.), LIHBEtz (4 equiv.), rt, 60 min, (ii) alkyne 51 (1 equiv.), rt, 60 min, (iii) NIS (5 equiv.), rt, 15 min,
(THF), 47%:; (e) 6 (1.1 equiv.), Pd,(dba)s (10 mol%), PhzAs (80 mol%), LiCl (15 equiv.), 40 °C, 2 h, (DMF), 36%.

strate 50 yielded the desired free hydroxyl group in 41% yield.
Although the yield was modest, the remaining starting material
was recoverable during chromatography, resulting in a yield of
87% (brsm). Subsequent oxidation with MnO, and Colvin
rearrangement led to the formation of the terminal alkyne 51 in
67% yield over the two steps.”>?*” To generate the vinyl iodide
52, a modified procedure from Lipshutz et al. was employed,*®
utilising an in situ generated Schwartz reagent and NIS as iodine
source.”! The desired iodide 52 was obtained in 47% yield. Due
to the high light sensitivity and limited stability of this unsatu-
rated compound, immediate utilisation was required for its sub-
sequent Stille cross-coupling with stannane 6 under slightly
modified conditions from Evans et al’® The synthesis of the
monomeric counterpart 5 was accomplished under the speci-
fied conditions, resulting in a modest yield of 36% for the
desired product. Nevertheless, we successfully attained our
objective of synthesising this crucial intermediate for the prepa-
ration of Marinomycin A and B.

Conclusions

Our research outlines the synthesis of a novel monomeric pre-
cursor to Marinomycins A and B, accomplished via a conver-
gent four-fragment approach. Our strategy integrated a polyke-
tide building block previously established in literature, result-
ing in the final product attained through 24 steps for the
longest linear sequence, with an overall yield of 0.6%. Looking
ahead we will investigate the dimerisation of this monomer to
synthesise Marinomycin A and B. Furthermore, we aim to
enhance the synthesis by refining a more streamlined and
efficient route for the fragments, while also improving the
reliability of the final steps.
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