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Abstract: Lemonomycin (1) was first isolated from the fermentation broth of Streptomyces candidus
in 1964. The complete chemical structure was not elucidated until 2000 with extensive spectroscopic
analysis. Lemonomycin is currently known as the only glycosylated tetrahydroisoquinoline antibi-
otic. Its potent antibacterial activity against Staphylococcus aureus and Bacillus subtilis and complex
architecture make it an ideal target for total synthesis. In this short review, we summarize the re-
search status of lemonomycin for biological activity, biosynthesis and chemical synthesis. The
unique deoxy aminosugar-lemonose was proposed to play a crucial role in biological activity, as
shown in other antibiotics, such as arimetamycin A, nocathiacin I, glycothiohexide a, and thiazamy-
cins. Given the self-resistance of the original bacterial host, the integration of biosynthesis and chem-
ical synthesis to pursue efficient synthesis and further derivatization is in high demand for the de-
velopment of novel antibiotics to combat antibiotic-resistant infections.
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1. Isolation and Strctural Elucidation

The golden era of antibiotics propelled by the discovery of penicillin has been chal-
lenged by a growing crisis in antibiotic resistance worldwide and a decline in investment
in the development of novel antibiotics. [/ Natural products are the mainstays of modern
antibiotic drugs. Although only approximately, two hundred of 28,000 have been used
clinically. I’ The chemical diversity of natural products, including those structures known
for decades on the shelf, remains a huge space that is potentially to be a privileged starting
point to explore. Lemonomycin (1) was first isolated from a fermentation broth of Strepto-
myces candidus (LL-AP191) in 1964 by Whaley and coworkers at the Lederle Laboratory of
American Cyanamid Company (Figure 1). °l A few grams of lemonomycin hydrochloride
were obtained after separation and purification. Its name was based on the color of lemon
yellow about the corresponding globular substance. According to the primary 'H nuclear
magnetic resonance (NMR) and infrared (IR) spectroscopy, the researchers concluded that
the structure of lemonomycin should contain hydroquinone, as well as N-methyl and O-
methyl functional groups. At the same time, lemonomycin released dimethylamine after
the degradation experiment. The biological evaluation of lemonomycin revealed its broad
antimicrobial activity against various microbial pathogens (Table 1). *# Unfortunately,
lemonomycin was found to be fatal at a dose higher than the therapeutic dose, indicating
why this potent antibiotic was shelved for decades without further characterization and
derivatization.
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Figure 1. Chemical structure of lemonomycin (1), isolated sample, and lemon.

Table 1. Antimicrobial activity of lemonomycin (1) -

Organisms MIC/ug mL!

Staphylococcus aureus (Lederle 4050B-122-7) 0.08
S. aureus (Lederle 4050B-122-10) 0.15
S. aureus (Lederle 4050B-122-13) 0.15
S. aureus (Lederle 4050B-122-14) 0.15
S. aureus Rose ATCC 14154 0.15
S. aureus Smith 0.04
Staphylococcus faecalis ATCC 8043 0.4

S. pyogenes C203 <0.005
S. pyogenes (Lederle 8053B-40-2) 0.01
S. pyogenes (Lederle 8053B-40-3) 0.01

S. pyogenes NY5 <0.005
Staphylococcus sp. A-Strep. 11 5.0
Staphylococcus sp. p-Strep. 11 2.5
Mycobacterium smegmatis ATCC 607 6.2
Staphylococcus aureus ATCC 6548P 0.2
Bacillus subtilis ATCC 6633 0.05
Pseudomonas fluorescens ATCC 12633 1.6
Proteus vulgaris ATCC 9484 0.4
Escherichia coli ATCC 9637 1.6
Salmonella gallinarum (Lederle 604) 0.8

Clostridium sporogenes ATCC 7955 >100

The comprehensive chemical structure was eventually solved in 2000 by He and
coworkers at Wyeth-Ayerst Research (later acquired by Pfizer). [ The original sample of
lemonomycin hydrochloride (100 mg) I°l was repurified by reversed-phase high perfor-
mance liquid chromatography (HPLC) to give lemonomycin trifluoroacetate (53 mg).
Compared with other alkaloids in the tetrahydroisoquinoline family, the most important
feature of lemonomycin is that 2,6-dideoxy-4-amino sugar (lemonose) is connected at the
position of C18 through glycosylation. [’ The comparison of the structure and activity with
other antibiotics containing glycosides showed that glycosylation had a significant effect
on the activity of antibiotics. Another special feature is the existence of a hydrate form of
the aldehyde at the position of C16. One of the OH groups of the hydrate can form an
intramolecular hydrogen bond, which stabilizes the acetal. The acetal was believed to be
the warhead that participates in binding DNA in vivo, as shown in the mode of action of
other tetrahydroisoquinolines (THIQs). [’/ Lemonomycin and its cyano derivative exhib-
ited strong cytotoxic effects on a human colon cancer cell line (HTC116) in vitro, and their
ICso values were 0.36 pg/mL and 0.26 ug/mL, respectively. The absolute stereochemistry
of lemonomycin remained elusive at this stage, although the configuration of the aglycon
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was tentatively assigned according to the absolute stereochemistry of the isoquinoline an-
tibiotics. 0]

Me
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Figure 2. Representative THIQ antitumor antibiotics and mode of action (MoA).

Lemonomycin belongs to the family of tetrahydroisoquinoline (THIQ) antibiotics, a
family of more than 60 congeners known to have various potent biological activities. (‘!
The antitumor activity arises from the electrophilic iminium ion via a carbinolamine moi-
ety and its equivalents, which directly alkylate the N-2 residue of guanine in the GC-rich
region of DNA 7] (Figure 2a, quinocarcin as an example). THIQ antitumor antibiotics are
characterized by the diazabicyclic structure bridged in the tetrahydroisoquinoline ring
system. According to the structural features of the bridged diazabicycle, these compounds
can be divided into two categories, including two-carbon bridges (e.g., quinocarcin, cya-
nocycline A, tetrazomine, and lemonomycin) containing a 3,8-diazabicyclo[3.2.1]octane
core (Figure 2b) and three-carbon bridges (e.g., saframycin A, renieramycin C, and ectein-
ascidin 743) containing a 3,9-diazabicyclo[3.3.1]nonane core (Figure 2c). Given their po-
tent antitumor activity and great potential in the development of antineoplastic drugs,
THIQ antibiotics have aroused the enormous interest of synthetic chemists. [/ At present,
several research groups have completed the synthesis of the THIQ core of lemonomycin,
named lemonomycinone amide (2, lemonomycin aglycon).

2. Current Status of Biosynthesis

The biosynthesis of lemonomycin has not been fully illustrated and literally con-
structed through glycosylation of lemonomycinone amide (2, aglycon) with lemonose (3)
(Scheme 1a). Lemonomycin shares a common skeleton with other quinocarcin alkaloids
despite the appended deoxy amino acid. Therefore, the biosynthetic pathway can be
largely similar to the biosynthetic pathway dedicated to quinocarcins. As the first reported
antibiotic in this category, naphthyridinomycin ¥/ (NDM, 4) has a tetracyclic ring in a
nearly identical substituent pattern except for the C4-amino group and the inverse con-
figuration of the acetal at C15, which constitutes two additional heterocyclic rings in NDM
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(Scheme 1b). The labeled precursor feeding experiments have established the origin, and
the molecular basis from L-tyrosine, L-methionine, serine (or glycine), D,L-ornithine, and
ketose phosphates could be incorporated into NDM. [/l Despite extensive biosynthetic
studies of the THIQ core as well as other rare deoxysugars, the biosynthesis of lemonose
in vivo and detailed enzymatic glycosylation remain unclear. /']

a OH
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Me enzymatic Me
NH glycosylation HO,
- ----------- + o OH
MeO Me
o) Me NMe2
lemonomycin (1) MeNIVIe lemonomycinone amide (2) lemonose (3)
2
0]
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Scheme 1. Biosynthetic proposal of lemonomycin (1) and naphthyridinomycin (4).

In 2013, Oikawa and coworkers performed gene cluster identification and biochemi-
cal analysis of substances in the tetrahydroisoquinoline family, from which biosynthetic
pathways quinocarcin and SF-1739 were proposed (Scheme 2). ") On the starting template
of Cyal3/12, fatty acid and L-Ala units are loaded, while the template Cyal5 is likely re-
sponsible for carrying the glycol unit 1/ from the ACP of D-xylulose-5-phosphate (10) to
make its A domain active. Condensation with L-aminolevulinic acid and subsequent re-
duction delivers aldehyde 11 by Cyal?7. In the separated pathway, L-tyrosine is converted
to 5 through a series of C-methylation, hydroxylation, and O-methylation. By conducting
in vitro assays, Cyal8 was confirmed to be a-ketoglutarate-dependent dioxygenase cata-
lyzing the dehydrogenation of L-Arg to form L-(E)-4,5-dehydroarginine (12). In the
Cyal7/19 complex, adenylated 5 with Cyal9 is transferred to Cyal7-PCP, followed by a
Cyal7-catalyzed Pictet-Spengler reaction with the leader peptide-tethered aldehyde 11 to
generate aldehyde 13 with the assistance of reduction by the Cyal7/19 complex. With ac-
tivation of 12 under the condition of adenylation provided by Cyal6/17, the Cyal7-PS
domain is used to selectively catalyze the coupling of 12 and 13 via an intramolecular
Mannich reaction, reductive cleavage and spontaneous cyclization to release hemiaminal
14 bearing an endo-configuration at C15, providing an essential carbon framework of SF-
1739 and congeners, including aclidinomycins and lemonomycin.
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Scheme 2. Oikawa’s proposal for the biosynthesis of quinocarcin/SF-1739.

Ju and coworkers recently isolated eleven THIQ-like aclidinomycins from deep-sea-
derived Streptomyces niveus SCSIO 3406 by genome orientation and one strain many com-
pounds (OSMAC) strategy. I'?} Aclidinomycin ] and aclidinomycin K were isolated as
amorphous yellow powders and found to have the characteristic core structure of lem-
onomycin except for the inverse stereochemistry at C15 and saturation at C17. As indi-
cated in Oikawa’s investigation, [''] the specific route is possibly initiated from xylulose-5-
phosphate (Xyl-5-P), aminolevulinic acid (Ala), myristoyl acid, L-tyrosine derivative (5)
and L-(E)-4,5-dehydroarginine (12) as the starting materials (Scheme 3). The discovery of
aclindinomycins provides new insights into the molecular logic of the complex polycyclic

architecture.
H
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Scheme 3. Proposed biosynthetic pathway toward aclidinomycins J and K.

Very recently, Tang and coworkers reported an interesting mechanism of self-re-
sistance when the bacterial host produced lemonomycin and naphthyridinomycin. ['*/ In
the fermentation of S. candidus LL-AP191, 16-dehydroxy-LMM (1a) was identified instead
of LMM (Scheme 4). Large-scale enzymatic reactions were performed to deliver the C17-
reduced form 1b, indicating additional reduction and oxidation steps occurring at differ-
ent times and locations. As a self-protection strategy, the pharmacophore of the iminium
ion at C17 was largely reduced in the cytoplasm to maintain a low concentration for the
host. The additional oxidase NapU (flavoprotein) realizes the extracellular oxidation step
at C17 and C16 to generate the highly potent antibiotic LMM (1). The self-resistance
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(1a)

strategy poses a challenge to develop a sophisticated biosynthetic pathway to reharvest
such potent antibiotics in engineered biosynthetic machinery. '

i oxidase Me

+ (i.e. NapU)

e MeO
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Scheme 4. SDR-catalyzed reduction of 16-dehydroxy-LMM (1a).

3. Total Synthesis of Lemonomycin

The unique structure and potent antimicrobial activity have attracted considerable
interest in several laboratories. Two groups completed the total synthesis, and five groups
accessed the aglycon or the key intermediates to constitute the virtual synthesis. The Stoltz
group was the first team to disclose the total synthesis of lemonomycin. As shown in
Scheme 5, [*19] the retrosynthetic plan features the Pictet-Spengler reaction of amide 18
with glycosylated aldehyde 19. Fragment 18 could be readily constructed by the aryl bo-
ronic ester 20 and vinyl iodide 21 via Suzuki cross-coupling. The characteristic diazobicy-
clic intermediate 21 was successfully established between dipolar precursor 23 and Op-
polzer sultam derivative 24 by 1,3-dipolar cycloaddition, a novel tactic initially developed
by Joule and coworkers ['°) and widely adopted in the syntheses of other THIQ alkaloids.
1670] Glycosylated aldehyde 19 bearing an amino sugar could be prepared from D-threo-
nine in multiple steps.

OMe OMe P : B 0
Me Me B\ .Bn
+ N N X
o Me X N Y\I + N
HN HN =5
MeO H I
le} (0]
22 21 23 24

Scheme 5. Stoltz’s retrosynthetic analysis of lemonomycin (1).

Following the literature-known protocols, '”l methyl ester 25 was prepared from D-
threonine in three steps by the benzenesulfonyl group replacing the original Cbz protec-
tion. After the aminolysis of 25 with N,O-dimethylhydroxylamine, the resulting Weinreb
amide was converted into methyl ketone 26 in 75% yield after two steps (Scheme 6). Aldol
addition with ethyl acetate produced a virtually single diastereomer 27 via the Felkin-Ahn
trajectory. After treatment of [3-hydroxy ester 27 with hydrochloric acid, the correspond-
ing lactone 28 reacted with dimethoxymethane to form oxazolene 29 by using TMSOTT as
a catalyst. Subsequent reduction by DIBAL-H and dehydration with allyl alcohol deliv-
ered a-allyl ether 30. Reductive cleavage of the benzenesulfonyl group by Red-Al and
subsequent reductive methylation formed allyl glycoside 32 in excellent yield. Oxidative
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cleavage of alkene by Lemieux-Johnson reagent I/ proceeded smoothly to yield aldehyde
19 as a trifluoroacetate salt (55%) and acid-free form (30%).
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Scheme 6. Preparation of aldehyde 19 (the glycoside fragment).

Bromide salt 23 as a precursor for the requisite 1,3-dipole cycloaddition was readily
prepared using benzyl bromide 34 and 6-methyl-2(1H)-pyrazinone in anhydrous ethanol
and acetonitrile at reflux in 96% yield (Scheme 7). However, dipolarophile 24 was ob-
tained by Kocieniski’s protocol ') with silylative activation and subsequent acylation by
acryloyl chloride in the presence of cupric chloride. Accordingly, N-Me-morpholine was
used for the deprotonation of salt 23 to form an oxidopyrazinium salt for the 1,3-dipolar
cycloaddition with 24. Immediate treatment by NaBHas carried out reductive removal of
the sultam auxiliary to deliver enamide 36 in good yield and a high stereoselectivity (94%
ee), indicating an excellent diastereoselectivity achieved in the cycloaddition event. Pro-
tection of the primary alcohol with a bulky silyl group and the next iodination produced
vinyl iodide 21 as a single isomer in good yield.

| |
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SNBN 5 o o o e
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22 (3 steps) 37 38 20

Scheme 7. Preparations of diazobicyclic amide 21 and arylboronate 20.

Arylboronate 20 was effectively synthesized from 2,6-dimethoxytoluene 22 in five
straightforward steps, including Friedel-Crafts acylation, Baeyer-Villiger oxidation, tosyl-
ation, bromination, halogen exchange and subsequent trapping by the boron ester
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(Scheme 6). With two fragments 20 and 21 in hand, Suzuki cross-coupling catalyzed by
Pd(PPhs)s proceeded to deliver the requisite aryl enamide 40 on the gram scale with a
good isolated yield (69%) (Scheme 8). The hindered trisubstituted enamine was subjected
to heterogeneous hydrogenation at 1000 psi to generate 41 with excellent diastereoselec-
tivity. Reprotection of the amine group by the Cbz group and the subsequent removal of
the p-toluenesulfonyl group by potassium trimethylsilolate (KOTMS)-promoted hydroly-
sis reduced the cyclic amide in 42 to release amine for the programmed Pictet-Spengler
reaction. Therefore, treatment with (Boc)20 activated the amide for complete reduction.
The subsequent acid workup produced amino triol 43 as a form of trifluoroacetic acid
(TFA) salt in 81% yield after 3 steps. ?°2'l The key Pictet-Spengler cyclization of 43 with
lemonose-derived aldehyde 19 (TFA salt) was performed in a foil-wrapped vial for 63 h
to give bis-trifluoronate 44 in 95% yield. Again, the PS-cyclized product was isolated in
the form of a single diastereomer at C1. Hydrogenolysis and Swern oxidation resulted in
hemiaminal bis-trifluoronate 46 bearing a hydrate form of aldehyde. Finally, oxidation by
cerium ammonium nitrate (CAN) to convert phenol into benzoquinone *?! furnished bis-
trifluoronate (-)-lemonomycin (1), which was completely identical to the reported data !
and thus fully validated the stereochemistry of lemonomycin.
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0 LI SnBn 70°Ct023°C, 4n Me XN ~NEn Hz(1000 psi), it Me > NH
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OTs H 69% MeO H 72%  MeO H
0 OTs Y OTs e}
20 21 40 41
OHC™O  Me
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1) CbzCl, DMAP ome H 9 _ "N Me
) CbzCl, H 1) (Boc),0, DMAP TEAe ' °NMe,
CH4CN, 1t Me S CH,CN,20°C _ Me -
2) KOTMS, CHaCN SNCbz ) NaBH,, EtOH, 20 °C EtOH, BHT MeO
0°C O HNYC™H  3)HCLMeOH oo 23°C, 63h
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OH 81% (3 steps)
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PAIC, Hy, 1t NH  -78°Ct0 0°C 25°C Me
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74% MeO MeO MeO
Me
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5 OH OH
45 Me 46 OTR°
NMey NMe,

Scheme 8. Complete synthesis of (-)-lemonomycin (1).

Given novel aminosugars in various potent antibiotics, the Fukuyama group pro-
posed a late stage of glycosylation in synthetic design to be versatile for future derivatiza-
tion. In 2012, total synthesis of lemonomycin was reported by this group. **/ As shown in
Scheme 9, aglycon 48 was anticipated by reducing the enamine in 49 and subsequent cy-
clization via the Pictet-Spengler reaction. The 3,8-diazabicyclo[3.2.1]octane skeleton was
established by the Hosomi-Sakurai reaction, a strategy being executed in their previous
syntheses toward quinocarcin and other alkaloids. **?°] Critical intermediate 50 could be
generated by a Perkin-type reaction of diketopiperazine 51 and aldehyde 52. The latter
aldehyde was derived from 2,6-dimethoxybenzene in 5 steps by modification of Stoltz’s
route. (4]
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Scheme 9. Fukuyama'’s retrosynthetic analysis of lemonomycin.

O

The synthesis commenced with the application of glycine-derived Oppolzer sultam
53 2077 for asymmetric alkylation with propargylic iodide 54 *! to deliver a single dia-
stereomer of 55 after hydrolysis in an ether solution of HCI (Scheme 10). After condensa-
tion with N-tert-butyloxycarbonyl (Boc) glycine, the intermediate derived from acidic re-
moval of the Boc group was then cyclized to release diketopiperazine 56 in a combined
84% yield after 3 steps. Two secondary amides were masked by the Boc protection, and
the resulting cyclic amide underwent Perkin-type condensation with aryl aldehyde 52 1’
to favor (Z)-enamine 57 (Z/E = 10:1) in excellent yield. *I The triple bond in 57 was partially
reduced by the Lindlar catalyst, while the carbonyl group at C11 was reduced to hemi-
aminal with NaBH4in an aqueous methanol solution. The acid-promoted Hosomi-Sakurai
reaction successfully constructed the bridged ring of 59 with almost perfect stereoselec-
tivity. Reprotection of the amine with the Cbz group gave lactam 59 in 51% overall yield
in 3 steps. In contrast to Stoltz’s synthesis, trisubstituted enamine was smoothly reduced
by NaBHsCN under acidic conditions, and the stereochemistry at C1 was satisfied. Ozo-
nolysis and immediate reduction furnished a hydroxymethyl group at C15 in 60. Func-
tional group manipulations, including protection by the tert-butyldiphenylsilyl (TBDPS)
group and deprotection of the mesyl group by lithium bis(trimethylsilyl)amide
(LiHMDS), generated phenol derivative 61. °'l To improve the reactivity of the amine, the
lactam group was first reduced by diisobutylaluminum hydride (DIBAL-H), and the re-
sulting hemiaminal was converted to amino nitrile 62. To complete the synthesis of the
aglycon, cinnamaldehyde was merged into the desired Pictet-Spengler cyclization in the
presence of CSA and TMSCN, and then the tetracyclic skeleton 63 was formed in 92%. The
high stereoselectivity achieved was found to be crucial under thermodynamic control. Af-
ter acetylation, the requisite aglycon 65 was completed in 84% yield after ozonolysis and
subsequent reduction.
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Scheme 10. Fukuyama’s synthesis of lemonomycin — preparation of aglycon 65.

The synthetic route of lemonose 71 was slightly modified from the previous proce-
dure. '*l The initial amine protection group was chosen as the Cbz group instead of the
benzenesulfonyl group in a previous synthesis (Scheme 11). After the formation of methyl
ketone 67 through Weinreb amide, aldol reaction and deprotection afforded lactone 68.
The tertiary alcohol was protected by the tert-butyl(dimethylsilyl (TBS) group, followed
by removal of the Cbz group and reductive amination in a one-pot method. The corre-
sponding amine 69 was subjected to partial reduction by DIBAL-H to release acetol 70.
Finally, fluorination by treatment with dimethylaminosulfur trifluoride (DAST) 1% re-
sulted in glycosyl fluoride 71 in 84% yield.

1) CbzCl, NaHCOa/THF

aqueous /CbZ
OH O  2)MeNHOMe-HCI, EDCI N Me NCbZ LDA, AcOEt
/-'\)l\ NMM, THF, -10 °C 4 b _MeMgBr THE THF,-78°C_ °c
—_—_— <,
Me” Y~ "OH \)\r( OMe 78°Ctor \)ﬁ( Tthentici
NH, 3) Me,C(OMe), we o R P

BF3-OEty, CHoCly
D-threonine 92% (3 steps) 66

NHCbZ

1) TBSOTY, 2,6-lutidine
DCM, -78 °C o Me HO Me R Me

93% DIBAL-H DAST
> OoTBS ——> OTBS > OTBS
2) Hp, HCHO, Pd(OH)> o) DCM, -78 °C o) THF, -45 °C 0]
EtOH Me o Me 84% Me
92% NMe; 100% NMe; NMe,
69 70 7

Scheme 11. Fukuyama’s synthesis of (-)-lemonomycin—preparation of glycosyl 71.

With aglycon 65 and glycosyl fluoride 71 in hand, glycosylation was promoted by
trimethylsilyl trifluoromethylsulfonate (TMSOTS) to give a-anomer 72 in 86% yield
(Scheme 12). After the protection exchange, the fully protected Compound 73 was sub-
jected to debenzylation by hydrogenolysis and subsequent removal of two silyl groups by
tetra-n-butylammonium fluoride (TBAF) to generate amino alcohol 74 as a bistrifluoro-
nate salt. Subsequent Swern oxidation smoothly converted the primary alcohol into hy-
dronated aldehyde 75 after acidic workup. Silver nitrate was then adapted to remove the
CN group to rebound the hemiaminal functionality, which was also tolerant to the final
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oxidation by CAN to complete the total synthesis of lemonomycin (1). This strategy di-
minished the separation steps of polar intermediates, which are clearly tedious and trou-
blesome to handle because the given salt forms in the late stage of total synthesis.

OTBDPS OTBDPS

Me TMSOTf, Drierite  Me

NCbz  CH,Cl,, -40 °C
—2 T .

Me
“NCbz K;CO3, MeOH
—_—

MeO H 86% MeO H MOMCI, iPr,NEt MeO
CH.Cl, MOMO
Me O Me 99%
OTBS 72 5 OTBS
e Me
71 NMe, NMe,

H,, Pd/C, EtOH
73%

1) AgNOz, MeCN  p1a

H,0, 70% 1) TBAF, THF  Me

- NH
2o /:g‘ e Meo Y nenric MeO .
69% (2 steps)  MOMO 0 Me
2TFAe %’)\ﬁ\OH 2TFAs %ﬁoms
1 MeNMe2 75 MeNMez 74 MeNMe2

Scheme 12. Fukuyama'’s synthesis of (-)-lemonomycin (1).

4. Other Studies toward Lemonomycin

The synthetic works contributed by the Magnus and Zhu groups were essentially
inspired by the late stage of the biogenesis of quinocarcin alkaloids (Scheme 2). They de-
signed the pathway including the construction of lemonomycinone amide (2, aglycon) via
a Mannich-type cyclization to furnish the bridged ring system and final glycosylation with
lemonose (Scheme 13).

OH Mannich-type
cyclization Me

OH

OR'

lemonomycin (1) MeNIVIe lemonose (3) lemonomycinone amide (2) bioinspired intermediate
2
Scheme 13. A general bioinspired approach of Magnus and Zhu's syntheses.

In 2005, Magnus and coworkers devised a Mannich reaction-based strategy to con-
struct the aglycon, lemonomycinone amide (2). The synthesis began with 2,4-dimethoxy-
3-methylbenzaldehyde as the starting material to prepare a fully substituted aryl alde-
hyde-derived imine 76 in a 7-step sequence. >3 Copper-mediated cross-coupling be-
tween 76 and silylated propargyl alcohol 77 under Castro conditions **) and subsequent
aromatization resulted in isoquinoline 78 in 76% overall yield (Scheme 14). The subse-
quent addition of benzyloxymethyllithium ) and methyl chloroformate furnished the
substitution on the B-ring. Removal of the triisopropylsilane (TIPS) group by TBAF also
promoted cyclization to generate oxazolidinone, which was suitable for ionic hydrogena-
tion by TFA-Et:SiH and immediate hydrolysis to afford cis-amino alcohol 81 in high yield.
After structural confirmation by X-ray analysis, Compound 82 was introduced into a gly-
cine motif via an activated reagent, n-tert-butoxycarbonyl glycine. Swern oxidation initi-
ated the formation of hemiaminal in a mixture of diastereomers (dr 3/2), 1*’l which was
further converted into thermodynamically stable thioaminal 84 (X-ray) in excellent yield.
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Single diastereomeric 86 was obtained from alkylation of 84 and iodide 85 by potassium
bis(trimethylsilyl)amide (KHMDS) as a base. To invert the stereochemistry at C13, treat-
ment of 86 by ‘BuLi and trapping by butylated hydroxytoluene (BHT) gave the a-config-
ured isomer, 1°3%°) followed by desilylation to produce alcohol 87. After Swern oxidation,
the resulting aldehyde was converted to silyl enolate 88 in 88% yield. The key Mannich-
type cyclization was initiated by thiophile AgBFs, and a single stereoisomer at C15 of the
aldehyde was obtained. The high stereoselectivity is largely attributed to the steric bulk
of the C1 substituent (BnOCHb2) in the axial orientation. After hydrogenation of two ben-
zyloxy groups by Pearlman’s catalyst Pd(OH)2, alcohol 89 was subjected to the removal
of the Boc group and hydration of the aldehyde group at C15 under acidic conditions. The
final oxidation by CAN completed the synthesis of lemonomycinone amide (2) in 35%
yield as a racemic form.
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Scheme 14. Magnus’ synthesis of lemonomycinone amide (2).

In 2008, the Zhu group devised a similar Mannich-type strategy to synthesize lem-
onomycinone amide (2) in an optical form. In contrast to the abovementioned strategies,
they first established the C13 stereochemistry by asymmetric alkylation of glycine-derived
imine 91 with functionalized benzyl bromide 90 1 in the presence of Corey-Lygo phase
transfer catalyst 93, 141421 O-(9)-allyl-N-(9’-anthracenylmethyl) cinchonidium bromide, pro-
ducing amino ester 92 in 85% yield (Scheme 15). [*’] Subsequent addition of TBAF for de-
silylation to release the phenol group enabled the Pictet-Spengler reaction of benzyloxy
acetaldehyde 94 to deliver a single cyclized product 95. After protection and ester ex-
change, Compound 97 was obtained in excellent yield. To circumvent the linear manipu-
lation in the Magnus synthesis, the Zhu group adopted L-glutamic acid (98) to introduce
the four-carbon unit. However, the separated synthesis of 101 required seven steps to
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install proper functional groups. After three steps of protection, Compound 99 was sub-
jected to reduction 47 at the distal ester. The subsequent additional three steps of protec-
tion and deprotection gave amino acid 101.

P
OMe 93
1) CsOH'H,0, 93
Me Me ‘
Br , Ph N CO/Bu  cH.Cl, -78°C 22 [N
—_— ®
MeO Ph 2) THF/H,0/AcOH  MeO X0 O
(1:1:1), rt
OTBS 85% (2 steps) N~ O
90 91 |
1) TBAF, THF OMe 1) glc;cég, MeCN soci
0°c i # , it 2
92% Me = ,CO,'Bu 00% Me MeOH Me
flux
2) AcOH, CH,Cl NH 2) BnBr, Nal, DMF re
4AMS, it MeO Cs,C05, 1t MeO 92% MeO
85% 9
H\n/\ OBn OBn 98%
O 94
NH, 1) TMSCI, MeOH, rt NBoc, 1) DIBAL-H, Et,0 NHBoc 1) TBPMSCL DMF NHBoc
’ ) then NaBH,4 imidazole, rt
HO,C 2 Boc0, BN, MeOH  e0,,¢ MeOH, rt, 84% MeO,C 79% HO,C
3) Boc,0, DMAP 2) CeCly7H,0, Nal HO 2) LIOH, THF/H,0 TBSO
HO.C” ~ MeCN, t Meo,c~ 2 BeTe T, ) e THFR:
A ,
98 % (3 steps) 99 100 101

97%

Scheme 15. Zhu's synthesis of lemonomycinone amide —preparations of 97 and 101.

The condensation of isoquinoline 97 and amino acid 101 was carried out to produce
amide 102 without detectable epimerization in the presence of hexafluorophosphate
azabenzotriazole tetramethyl uranium (HATU) and N,N-diisopropylethylamine (DIPEA)
in dtmethylformamide (DMF) with a yield of 84% (Scheme 16). The C-ring was formed by
Swern oxidation after 102 was reduced to alcohol 103 by LiBH4to form semiacetal 104 as
a mixture of diastereomers (dr 3/2). Subsequent treatment with Hf(OTf)« and EtSH deliv-
ers alcohol 105 as a single diastereomer under thermodynamic control. 1“1 After Swern
oxidation and the subsequent formation of silyl ether by TIPSOTf and triethylamine, the
programmed Mannich-type cyclization promoted by AgBFs proceeded smoothly to de-
liver the requisite aldehyde with correct stereochemistry. Following Magnus’s condition,
14l debenzylation by Pd(OH): afforded alcohol 108. After modification of the previous hy-
drolysis under acidic conditions, the aldehyde group was hydrated and then oxidized by
CAN to give lemonomycinone amide (2) in 81% yield.
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Scheme 16. Zhu's synthesis of lemonomycinone amide (2).

A particularly interesting phenomenon was discovered: hydrogenolysis of 107a by
the Perlman catalyst (Pd(OH)2) to remove two benzyl groups at room temperature (12 h
atr.t. versus 6 h at 0 °C). 0 In contrast to Magnus’s observation, [l endo-isomer 108a (15-
epi-108) was isolated in 85% yield under identical conditions (Scheme 17). Although the
endo-isomer is thermodynamically less favorable for steric reasons, the proximity of the
Cl1-hydroxymethyl group may drive the equilibrium toward the final formation of hemi-
acetal 108b, providing mechanistic insights into the stereochemical outcome of the kinet-
ically favored endo-adducts in the proposed biosynthesis. ']

Pd(OH),, MeOH, 6 h, 0 °C
(Zhu's result) Me

Pd(OH),, MeOH, 4 h, 25°C MeO
(Magnus's result)
confirmed by X-ray
of oxime derivative

107a

Pd(OH),, MeOH
12 h, rt (Zhu's result)

endo-isomer in biosynthesis
N HO (Oikawa, 2013) OHG
15 H
y OMe H OMe Mz) 15 H
e 5
SNBoc =— * Me ~NBoc
H N 7
MeO MeO 1 H
BnO OBn OH 0
108a 108b

Scheme 17. A facile epimerization at C15 for biosynthetic implication.

Three years later, Zhu and coworkers continued to finish the asymmetric synthesis
of lemonose (Scheme 18). ] Threonine was again selected as the chiral pool, which was
first converted to Weinreb amide 109 after three steps. Subsequently, two additions by
different Grignard reactions readily furnished 111 with all requisite stereogenetic centers.
The terminal double bond was then subjected to ozonolysis and subsequent reduction to
deliver alcohol 112 in 81% yield for two steps. After global deprotection, double reductive
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amination with HCHO in the presence of NaBH3CN furnished 114. To attenuate the im-
pact of tertiary amines, the pretreatment of trifluoroacetic acid successfully chemoselec-
tively converted the primary alcohol to aldehyde by O-iodoxybenzoic acid (IBX) 1) and
then cyclized to form lactol 3 (lemonose) in a total of 10 steps and 18% overall yield. How-
ever, the complete assembly of lemonmycin (1) was not disclosed despite that both the
given glycosylation of aglycon 2 with protection-free lemonose (3) were obtained.

OH O 4)Boc,0,NaHCOs, H;0 TBSQ O MeM TBSO HO Me

e gBr ® 3

= > p AllylMgBr /\/U\) /\)\J
Me/\:)J\OH loxane, Me/\)J\N/OM THF, 0°C Ve :

2) Me(OMe)NH-HCI, EDCI 1 THF, -78 °c z
NH NMP, CH,Ch, -15°C  BOcHN  Me 78% NHBoc d, \9/1 NHBoc
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DMF. 1) O3, CH2Cly, 78 °C
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H.0, 50 °C
TFA
HO OH HOHO, Me OH TBAF
QH Me DMSO, rt 2 HO Me 1) HCI, MeOH, rt /E\B:\e) THE 0oc  1BOQ HQ Me OH
on honigx © % 2) CHO, NaBHCN M€ % 760  MeT X
then N 20, NaBH3 = Yo =
Mo Me,  95% NMe, AcOH, MeOH, rt NHBoc NHBoc
lemonose (3) 14 90% (2 steps) 113 112

Scheme 18. Zhu's synthesis of lemonose (3).

Early in 2004, the Fukuyama group developed an intriguing Ugi-4CR to assemble
four readily prepared fragments for the rapid construction of the polycyclic core of lem-
onomycin in a highly convergent manner, although no subsequent synthesis had been
reported. [/ Amino alcohol 115, amino acid 116, glyoxyaldehyde acetal 117, and isocya-
nide 118 were subjected to the Ugi reaction in CFsCH20H to generate dipeptide 119, fol-
lowed by treatment with acid and cyclization under basic conditions to give N-acyloxa-
zolidinone derivatives 120 in good yield (Scheme 19). After reduction and protection ex-
change, diacetate 121 was subjected to cross metathesis to introduce allyltrimethylsilane,
which was elaborated to intramolecular Hosomi-Sakurai reaction catalyzed by BFseEt2O
in excellent yield and complete stereochemical control at C15. To smoothly transform 122
into the desired alcohol 125, they had to operate a four-step sequence of exchanging two
protecting groups. The oxidation of enamide 123 by dimethyl dioxirane (DMDO) resulted
in 124, which upon treatment with TFA was reduced by NaBHus to furnish the stereogenic
center at C3 from a less hindered exo-face. Enhancement of the nucleophilicity of the aro-
matic ring by KOSiMes promoted hydrolysis of the Ms group and benzylation in one pot.
Alcohol 125 was oxidized by Dess-Martin periodinane (DMP), and subsequent Friedel-
Crafts cyclization yielded 126 with the requisite tetracyclic core of lemonomycin. Alt-
hough they did not elaborate the current strategy to the final target, the key Hosomi-Sa-
kurai cyclization was indeed successfully implemented into the later second-generation
synthesis of lemonomycin (1). [*°]
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Scheme 19. Fukuyama’s U-4CR approach toward the core of lemonomycin.

In 2008, Mulzer and coworkers completed a similar advanced intermediate by apply-
ing the intramolecular Hosomi-Sakurai reaction at different stages. |’ After halogen ex-
change, lithiation of arylbromide 127 reacted with aldehyde 128 to give a mixture of dia-
stereomers of 129 (Scheme 20). An oxidation-reduction protocol secured a single diastere-
omer, which was then subjected to a protection-deprotection process to result in amino
alcohol 130 in good yield. After removal of the benzyl group, the Pictet-Spengler reaction
with aldehyde 131 proceeded under mild conditions to form the corresponding tetrahy-
droisoquinoline 132 in a highly selective manner. A Strecker-type condensation with cya-
nohydrin 133 was carried out to deliver hemiaminal 134 after oxidation of the primary
alcohol at C16. Upon treatment with TFA, the reactive N-acyliminium ion-initiated Sa-
kurai cyclization produced tetracyclic skeleton 135. The epimerization of the cyano group
at C17 was largely attributed to the less demanding equatorial position via an iminium
ion intermediate. A phenomenon was commonly encountered in the syntheses of THIQ

alkaloids. ¢
MeO o MeO OH MeO OTBS
Me Br Ryl i % Me 1) TBSCI. imid.  Me
. I 5 1) 'BuLli, THF, 64% o DME oH
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Scheme 20. Mulzer’s cyclization approach toward the core of lemonomycin.
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The latest effort devoted to the synthesis of LMM was reported in 2013 by Williams
and coworkers. °'l They devised a 1,3-dipolar cycloaddition of functionalized oxidopyra-
zinium at a late stage of synthesis (Scheme 21). The synthesis was commenced from tetra-
hydroisoginoline 137, which was derived from L-tyrosine methyl ester in 14 steps with a
known protocol. "2 After acetylation and debromination, condensation with 139 and sub-
sequent transformation of alcohol into aldehyde 140 resulted in good overall yield. Treat-
ment with TFA in CHCls generated an iminium salt intermediate that was readily oxi-
dized in the presence of (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO) and oxy-
gen, followed by the addition of triethylamine to result in oxidopyrazinium 143. An im-
mediate trap by terf-butyl acrylate smoothly afforded the requisite tetracyclic skeleton 144
with moderate facial selectivity (dr 2.4/1). The mixture was subjected to the following four
steps: epimerization, partial reduction, benzylation, and isomerization at C1, and then the
desired B-isomer at C1 was dominant. Reduction of aldehyde by NaBHs, debenzylation
by Pd/C, and hydrogenation from the bottom face by Raney nickel under high pressure
of hydrogen eventually delivered the advanced intermediate 146. The overall efficiency
was largely detracted by the lengthy synthesis of aldehyde 140 and low diastereoselectiv-
ity of intermolecular 1,3-dipolar cycloaddition. Therefore, further transformation to agly-
con 2 might not be facile due to the difficult accumulation of the key intermediate.
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Scheme 21. Williams’ intermolecular 1,3-dipolar cycloaddition approach.

5. Conclusion

The carbohydrate motifs in various natural products have been proven to be a valu-
able tool for the development of bioactive glycoconjugates and carrier prodrugs by atten-
uating toxicity and improving bioavailability. [°*l The rare amino sugar lemonose was es-
sentially implemented in complex metabolites, such as nocathiacin I, 1>/ thiazamycin, [’
glycothiohexide a, 1! arimetamycin A, [/_and saccharocarcins, **/ and various oligo-
saccharide in antitumor saccharocarcins A-F I (Figure 3). These antibiotics have
been found to have potent antimicrobial activity against gram-positive and gram-negative
pathogens, implicating the crucial impact of deoxyaminosugars.
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Figure 3. Antibiotics bearing 2,6-dideoxy-4-aminoglycoside (blue).

Although various synthetic methods have been developed for the construction of de-
oxy aminosugars, ("] the syntheses of lemonose and its derivatives were based mainly on
D-threonine as the starting material, and the lengthy synthetic routes may render further
modification. ('] Furthermore, since the latest synthetic efforts devoted to the synthesis of
the LMM core in 2013 by the Williams group, there have been no reported efforts in the
past decade. Efficient synthesis remains in high demand. Given the notorious difficulties
in the chemical synthesis of complex structures in this specific family, enzymes are there-
fore an appealing alternative with excellent chemoselectivity, regioselectivity, and stere-
oselectivity. [l With the development of gene recombination technology in recent years,
metabolic engineering has emerged as a powerful tool for the accumulation of bulky ma-
terials and even complex targets. [1°%°l Integration of biological and chemical methods is
encouraging to access lemonomycin and its derivatives for gaining insights into the criti-
cal role of aminosugars and defining potent analogs for future antibiotic development to
combat antibiotic-resistant infections.
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