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This is the second Thematic Series in the Beilstein Journal of
Organic Chemistry focused on natural products. While the first
Thematic Series summarized recent research work on the
biosynthesis and function of natural products [1,2], the present

Thematic Series deals with synthetic and biosynthetic aspects.

Why the research interest in natural products? Natural products
are structurally fascinating as is spectacularly demonstrated by
the prominent examples of maitotoxin [3], the largest non-
polymer secondary metabolite known to date, or calicheamycin

(Figure 1), which possibly holds the record in carrying the most
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Figure 1: Calicheamycin.
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diverse functional groups including an enediyne subunit, a
deoxysugar, an aminosugar, a hydroxylamine linkage between
two sugar subunits, a carbamate, an aromatic iodide, a thioester,
and a trisulfide [4]. Natural products have also been used by
humankind since ancient times and are part of our traditions and
culture, as is evident from the widespread consumption of
coffee, tea, tobacco and cocoa, drugs that all contain alkaloids
with stimulating effects. More importantly, starting from their
usage in traditional medicine natural products — and today also
compounds inspired by natural products — are indispensable in

the treatment of various threatening infectious diseases. The
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rapid spreading of antibiotic resistances and the comeback of
some infectious diseases already claimed to be eliminated
should sharpen our minds for the beneficial roles of natural
products in medicine as well as their responsible use. This
should be a strong appeal upon the responsibility of both
researchers and decision makers in the academic sciences and
the pharmaceutical industry.

Why should we have a look at the synthetic and biosynthetic
aspects of natural products in this Thematic Series? Of course,
the chemistry of nature and as it is used by chemists is one and
the same and makes use of the same intrinsic reactivity of mole-
cules. It is fascinating to see that a particular chemical reaction,
believed to be invented by man, is in fact already used for
millions — sometimes even billions — of years by Mother
Nature. An interesting example is the discovery of the
Diels—Alder reaction in the 1920s and its later enhancement into
an enantioselective reaction by the development of chiral cata-
lysts. But a Diels—Alder reaction also occurs in the biosynthesis
of lovastatin and is likely catalysed by a Diels—Alderase [5], a
natural analogue of man-made chiral catalysts! Beyond such
fascinating examples of comparing natural to artificial systems
it is their interplay that may provide the best solutions to some
of the most urgent problems of our time. A perfect example is
artemisinin, a terpenoid natural product from Artemisia annua,
which is highly efficient in the treatment of malaria. The
problem is that the plant produces only small and variable
amounts, thereby making the isolation procedure difficult and
expensive. Neither biotechnology nor chemistry were able to
provide a solution on their own, but the combination of the
heterologous production of an advanced intermediate in yeast
[6] and its further elaboration by chemical synthesis [7]
procures sufficient quantities of artemisinin at a reasonable
price. An impressive demonstration of the effectiveness of
multi-disciplinary research.

I would like to thank the highly professional team of the
Beilstein-Institut for a very pleasant cooperation on this
Thematic Series. I wish you, the reader, joy and fun with this
Thematic Series and — at the best — a new impetus for your own
future research!

Jeroen S. Dickschat

Braunschweig, September 2013
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The first total syntheses of ochnaflavone, an asymmetric biflavone consisting of apigenin and luteolin moieties, and the permethyl

ether of 2,3,2",3"-tetrahydroochnaflavone have been achieved. The key steps in the synthesis of ochnaflavone were the formation of

a diaryl ether and ring cyclization of an ether-linked dimeric chalcone to assemble the two flavone nuclei. Optimal experimental

conditions for the oxidative cyclization to form ochnaflavone were established.

Introduction

Biflavonoids are a class of compounds that are receiving
increasing attention because of their biological activity.
Biflavonoids with anti-inflammatory [1-3], antileishmanial
[4,5], antiplasmodial [6-8], antiviral [9] and B-secretase
inhibitory [10] activity, amongst others, have been reported.
The activity of the biflavonoids is in general much higher than
that of the individual monomers [11]. The flavonoid units in
these compounds are joined in a symmetric or asymmetric
manner and can either be identical or nonidentical. In addition,
the two flavonoid units can be linked through a C—C bond or
C-0O-C bond. Many biflavonoids consist of an interflavonoid
linkage between ring B of one moiety and the ring A of the
other moiety (AB type), between two A rings (AA type) or
between the two C rings (3,3"-CC type), but the most rare
biflavonoids are the ones with the interflavonoid linkage

between the two B rings.

Ochnaflavone (1) (Figure 1) is a biflavone with an ether linkage
between the B-rings of the apigenin and luteolin subunits [12],

which has been isolated from several members of the

Figure 1: Structure of ochnaflavone (1).
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Ochnaceae, a plant family that is rich in biflavonoids [13]. It is
considered as the taxonomic marker for the genus Ochna [13].
A wide range of activities have been reported for 1, amongst
them prominent anticancer [14,15], anti-inflammatory and
atherogenic activity [16,17]. The activity associated with 1
prompted us to develop an efficient synthesis of this compound.

The only previous synthesis of a derivative of 1 was by
Okigawa et al. [12,18]. The group synthesized the pentamethyl
ether of biflavone 1 by using the Baker—Vankataraman
rearrangement as the key step. The conditions used in this reac-
tion sequence were fairly harsh, moderate yields were obtained
and the authors did not synthesize the desired product,
ochnaflavone (1). In this paper we report the synthesis of 1 with
aromatic nucleophilic substitution and chalcone formation as

the key steps.

Results and Discussion

Our synthesis of 1 is summarized in Scheme 1. The two most
important steps in the synthesis of 1 are the formation of the
diaryl ether linkage and the assembly of the flavone nuclei. The
most logical approach to the synthesis of 1 would be to start
with the preparation of a diaryl ether. This functionality is
present in many important bioactive natural compounds [19]

Beilstein J. Org. Chem. 2013, 9, 1346-1351.

and it is not surprising that a great amount of effort has been
focused on the development and improvement of the methods to
form diaryl ethers [20,21]. The Ullman reaction is often used to
prepare diaryl ethers, but this reaction has the disadvantages of
high reaction temperatures and intolerance to a wide variety of
functional groups, with the major weakness being the inconsis-
tency in the products obtained by the use of different copper
sources [22-24]. We have opted to prepare the diaryl ether by
using an aromatic nucleophilic substitution reaction. 4-Fluoro-
benzaldehyde (2) is a readily available starting material, and
under basic conditions it reacted with isovanillin (3) to form the
diaryl ether 4 in a high yield.

The next step was the formation of the chalcone by an aldol
condensation reaction with a suitably substituted acetophenone.
Selective methylation of 2,4,6-trihydroxyacetophenone with
methyl iodide yielded 2'-hydroxy-4',6'-dimethoxyacetophenone
(5) in moderate yield. The Claisen—Schmidt condensation of 5
with diaryl ether 4 under basic conditions (KOH) in EtOH
proceeded smoothly to furnish dimeric chalcone 6, which was

obtained as a yellow powder.

The cyclization of 6 into the corresponding biflavone 7 was
initially attempted by using a catalytic amount of iodine in

F OCH;
OCH,3
! + K»CO3, DMF H o
OH 80 °C, 89% o)
o}
3 2
H™ S0
H5CO OH
5
OCH;0
KOH, EtOH, 80%
Y
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H5CO OH O
3 °
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1 S Hsco O
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7 6 X
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H,CO OCHj, H5CO OCH;

Scheme 1: Synthesis of ochnaflavone (1).
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DMSO at 130-140 °C, conditions often used for the oxidative
cyclization of chalcones to flavones [25]. However, at this
temperature, the reaction resulted in decomposition of the
starting material. The reaction was repeated under microwave
conditions as described by Menezes et al. [26] to decrease the
time in which 6 was exposed to a high temperature, but decom-
position was still observed. The reaction was repeated under
same conditions (DMSO/I,) at various temperatures, and it was
observed that at lower temperatures, a longer time was taken for
the starting material to be consumed, but it still resulted in a
mixture of products. The cyclization reaction was repeated with
DDQ in dry dioxane under reflux (101 °C) [27], but the starting
material again decomposed, and when the temperature was
lowered to 80 °C, a mixture of products was observed. It was
clear that the ether-linked dimeric chalcone decomposes at
temperatures exceeding 100 °C. Reaction of dimeric chalcone 6
with oxalic acid as a catalyst in absolute ethanol at 80 °C for
24 h as described by Zambare et al. [28] did not yield the
desired compound 7 and instead an ether-linked
pentamethoxybiflavanone 8 was obtained. After 72 h, the
starting material could still be observed on TLC due to the
interconvertibility of the two compounds through
chalcone—flavanone equilibrium [29,30] (Scheme 2). Bifla-
vanone 8 is the permethyl ether of 2,3,2",3"-tetrahydroochna-
flavone, a natural product isolated from the New Zealand tree
Quintinia acutifolia, which is cytotoxic against P388 murine
lymphocytic leukemia cells [31]. The synthesis of this com-
pound has not been reported previously.

The desired biflavone 7 was finally obtained in good yield by
treating the dimeric chalcone with a catalytic amount of iodine
in pyridine. Ochnaflavone (1) was obtained as a yellow solid by
the reaction of 7 with boron tribromide in dry CH,Cl, and had
the same spectroscopic properties as the product isolated in our
laboratory from the leaves of Ochna serrulata.

EtOH

Scheme 2: Oxalic acid-induced ring closure of bichalcone 6.

Oxalic acid

Beilstein J. Org. Chem. 2013, 9, 1346-1351.

Conclusion

In conclusion, we have managed to optimize conditions for the
preparation of ochnaflavone (1) in a synthetic sequence that is
amenable to the synthesis of derivatives of 1. The synthesis of
the pentamethyl ether of a natural-occurring cytotoxic 2,3,2",3"-
tetrahydroochnaflavone was also achieved, albeit in a low yield.

Experimental
3-(4-Formylphenyloxy)-4-methoxybenzaldehyde (4) [32]: To
a mixture of isovanillin (3) (500 mg, 3.29 mmol) and anhy-
drous potassium carbonate (681 mg, 4.93 mmol) in 15 mL dry
DMF under nitrogen, 4-fluorobenzaldehyde (2) (448 mg,
3.61 mmol) was added. The mixture was heated at 80 °C under
stirring until all the starting material had been consumed (moni-
tored by TLC). The reaction was then left to cool to room
temperature, 20 mL cold water was added, and the mixture was
extracted with 3 x 20 mL CHCIl3. The organic layer was dried
over anhydrous magnesium sulfate, and the solvent was
removed in vacuo. The residue obtained was purified by silica-
gel column chromatography (EtOAc/hexanes, 3:7) as eluent to
yield 748 mg (89%) of 4 as a light yellow solid.

TH NMR (400 MHz, CDCls) 831 9.94 (s, 1H), 9.93 (s, 1H), 7.89
(d, J = 8.8 Hz, 2H), 7.89 (dd, J = 8.5, 2.0 Hz, 1H), 7.69 (d,
J=2.0Hz, 1H), 7.38 (d, J= 8.5 Hz, 1H), 7.06 (d, J = 8.8 Hz,
2H), 3.91 (s, 3H); 3C NMR (100 MHz, CDCl3) 8¢ 190.6,
190.0, 162.6 (2C), 156.9, 143.4, 131.9 (2C), 130.9, 129.5,
122.3,116.3 (2C), 113.4, 55.9; HRMS-ESI (positive-ionization
mode): m/z 279.0625 [M + Na]* (calculated for C;5H;,04Na,
279.0633).

2'-Hydroxy-4',6'-dimethoxyacetophenone (5) [33]: To a well-
stirred mixture of 2',4',6'-trihydroxyacetophenone (500 mg,

2.97 mmol) and methyl iodide (1.06 g, 7.47 mmol) in 20 mL
acetone, 1.02 g (7.38 mmol) of anhydrous potassium carbonate

l OCH3
O

8 o)

Cre
Hz;CO OCH,

25%

H3CO l o

HsCO O
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was added. The reaction mixture was heated under reflux for
5 h while being monitored by TLC until all the starting material
had been consumed. The reaction mixture was left to cool and
40 mL of cold acidified distilled water was added, followed by
extraction with 3 x 20 mL CHCl3. The obtained organic layer
was dried over anhydrous magnesium sulfate, and the solvent
was removed in vacuo. The residue was purified by silica gel
column chromatography (EtOAc/hexanes, 1:9) to afford 5
(291 mg, 50%) as a white solid.

'H NMR (400 MHz, CDCl3) 8y 13.99 (s, 1H), 6.02 (d,
J=2.1Hz, 1H), 5.89 (d, J = 2.1 Hz, 1H), 3.83 (s, 3H), 3.79 (s,
3H), 2.58 (s, 3H); '3C NMR (100 MHz, CDCl3) 8¢ 203.1,
167.5, 166.1, 162.9, 105.9, 93.5, 90.6, 55.5 (2C), 32.9;
HRMS-ESI (negative-ionization mode): m/z 195.0662 (calcu-
lated for C1gH 104, 195.0657).

Synthesis of ether-linked dimeric chalcone 6: To a solution of
404 mg (1.58 mmol) of diaryl ether 4 in EtOH (50 mL), 620 mg
(3.16 mmol) of 2'-hydroxy-4',6'-dimethoxyacetophenone (5)
was added. The solution was cooled in an ice bath followed by
the addition of powdered KOH (353 mg, 6.29 mmol). After
overnight stirring, the reaction mixture was diluted with ice-
cold water (50 mL) and acidified with 6 M HCI. The formed 6
precipitated out as a yellow solid and was filtered off under
reduced pressure and washed with water. Product 6 (772 mg,

80%) was obtained as a yellow solid.

'H NMR (400 MHz, CDCl3) 8y 14.34 (s, 1H), 14.31 (s, 1H),
7.85 (d, J = 15.7 Hz, 1H), 7.79 (d, J = 15.7 Hz, 1H), 7.73 (s,
2H), 7.59 (d, J = 8.5 Hz, 2H), 7.42 (dd, J = 8.2, 2.0 Hz, 1H),
7.33 (d, J = 2.0 Hz, 1H), 7.05 (d, J = 8.2 Hz, 1H), 7.0 (d,
J=28.5Hz, 2H), 6.12 (d, J = 2.2 Hz, 1H), 6.10 (J = 2.2 Hz,
1H), 5.97 (d, J = 2.2 Hz, 1H), 5.94 (d, J = 2.2 Hz, 1H), 3.9 (s,
3H), 3.89 (s, 3H), 3.85 (s, 3H), 3.83 (s, 6H); 13C NMR
(100 MHz, CDCl3) 8¢ 192.5, 192.3, 168.4 (2C), 166.2 (2C),
162.5 (2C), 159.4, 153.1, 144.6, 141.8, 141.4, 130.3, 130.0
(20), 129.2,126.9, 126.2 (2C), 120.2, 117.4 (2C), 112.9, 106 4,
106.3, 93.9 (2C), 91.3, 91.2, 56.1, 55.8, 55.6 (2C); HRMS-ESI
(positive-ionization mode), m/z 635.1888 [M + Na]* (calcu-
lated for C35H3,0109Na, 635.1893).

Pentamethoxybiflavanone 8: To a mixture of oxalic acid
(10 mol %) and 6 (400 mg, 0.65 mmol), 20 mL of absolute
ethanol was added. The stirred reaction mixture was heated at
80 °C for 72 h while the reaction was monitored by TLC. The
reaction mixture was then cooled to room temperature, and the
solvent was evaporated under reduced pressure. This was fol-
lowed by extraction with 50 mL of water and 3 x 30 mL
CH,Cl,, and the organic layer thus collected was dried over an-

hydrous magnesium sulfate. CH,Cl, was removed in vacuo and

Beilstein J. Org. Chem. 2013, 9, 1346-1351.

the resulting residue was purified by silica-gel column chroma-
tography with EtOAc/hexanes (1:1) to afford 100 mg (25%) of
the ether-linked biflavanone 8 as a light-yellow solid.

TH NMR (400 MHz, CDCl3) 8y 7.40 (d, J = 8.5 Hz, 2H), 7.26
(dd, J = 8.5, 2.0 Hz, 1H), 7.16 (d, J = 2.0 Hz, 1H), 7.06 (d,
J=18.5Hz, 1H), 6.99 (d, J = 8.5 Hz, 2H), 6.16 (d, J = 2.2 Hz,
1H), 6.14 (d, J= 2.0 Hz, 1H), 6.10 (d, J= 2.0 Hz, 2H), 5.37 (m,
2H), 3.9 (s, 6H), 3.87 (s, 3H), 3.83 (s, 6H), 3.02 (m, 2H), 2.8
(m, 2H); HRMS-ESI (positive-ionization mode), m/z 635.1887
[M + Na] (calculated for C35H3,0;oNa, 635.1893).

5,5",7,7",4'-Penta-O-methylochnaflavone (7) [12]: To a
stirred solution of dimeric chalcone 6 (600 mg, 0.98 mmol) in
15 mL pyridine, 498 mg (1.93 mmol) of iodine was added and
the mixture was heated to 80 °C while being stirred for 24 h.
The reaction was left to cool to room temperature, and a cold
solution of sodium thiosulfate was added to the reaction mix-
ture until all excess iodine had been consumed. This was fol-
lowed by extraction with 3 x 30 mL CH,Cl,, the obtained
organic layer was washed with 30 mL of water and dried over
anhydrous magnesium sulfate. The solvent was removed in
vacuo and the crude reaction mixture was purified by silica-gel
column chromatography with EtOAc/hexanes (8:2) to obtain 7
(417 mg, 70%) as a yellow solid.

TH NMR (400 MHz, CDCl3) 8y; 7.82 (d, J = 8.8 Hz, 2H), 7.73
(dd, J= 8.7, 2.3 Hz, 1H), 7.61 (d, J = 2.3 Hz, 1H), 7.12 (d,
J=18.7 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H), 6.54 (d, /= 2.2 Hz,
1H), 6.51 (d, J=2.4 Hz, 1H), 6.36 (d, J=2.2 Hz, 1H), 6.35 (d,
J=2.4Hz, 1H), 6.59 (s, 1H), 6.55 (s, 1H), 3.94 (s, 3H), 3.93 (s,
3H), 3.89 (s, 3H), 3.88 (s, 3H), 3.87 (s, 3H); 13C NMR
(100 MHz, CDCl3) 8¢ 177.5, 177.4, 164.0, 164.0, 160.9,
160.3, 160.3, 159.8, 159.7, 159.6, 154.0, 143.8, 127.7, 125.8,
124.7, 124.0, 119.8, 116.6, 113.0, 109.2, 109.1, 108.2, 96.2,
96.1, 92.8, 56.4, 56.1, 55.7; HRMS—-ESI (positive-ionization
mode), m/z 631.1573 [M + Na]* (calculated for C35H,301oNa,
631.1580).

Ochnaflavone (1) [12]: A solution of boron tribromide
(206 mg, 0.82 mmol) in 5 mL dry CH,Cl, was slowly added
with a syringe to a stirred solution of 40 mg (0.07 mmol) 7 in
10 mL CH,Cl, under nitrogen. After complete addition of
BBr3, the reaction mixture was stirred at room temperature for
72 h, and then poured into 30 mL ice water. The mixture was
then shaken to hydrolyse the excess BBr3 and boron complexes;
a phenolic product was obtained by extraction with 3 x 20 mL
EtOAc. The combined organic layers was dried over anhydrous
magnesium sulfate and the solvent was removed in vacuo
to obtain a dry crude reaction mixture. Purification of the reac-

tion mixture by silica-gel column chromatography with
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MeOH/CHCIj (1:9) afforded 21.2 mg (60%) of 1 as a yellow
solid.

TH NMR (400 MHz, (CD3),CO) & 12.95 (s, 1H), 12.94 (s,
1H), 8.08 (d, J = 8.9 Hz, 2H), 7.90 (dd, J = 8.5, 2.1 Hz, 1H),
7.89 (d, J=2.1 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 7.16 (d, J =
8.9 Hz, 2H), 6.73 (s, 2H), 6.56 (d, J = 2.0 Hz, 1H), 6.55 (d, J =
2.4 Hz, 1H), 6.28 (d, J= 2.0 Hz, 1H), 6.27 (d, J = 2.0 Hz, 1H);
13C NMR (100 MHz, (CD3),CO) 8¢ 182.2, 182.2, 164.2,
164.18, 163.5, 163.1, 162.5, 161.1, 157.9 (2C), 154.1, 142.4,
128.3 (2C), 125.4, 123.6, 120.7, 118.1, 116.6 (2C), 104.3,
104.52, 104.5, 104.0, 98.9 (2C), 93.9 (2C); HRMS-ESI (nega-
tive ionization mode): m/z 537.0826 (calculated for C39H{701,
537.0822).
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Abstract

Aurachins are myxobacterial 3-farnesyl-4(1H)-quinolone derived compounds initially described as respiratory chain inhibitors,
more specifically as inhibitors of various cytochrome complexes. They are also known as potent antibiotic compounds. We describe
herein the first synthesis of aurachin D through a key Conrad—Limpach reaction. The same strategy was used to reach some ring as
opposed to chain analogues, allowing for the description of structure—activity relationships. Biological screening of the analogues
showed antiparasitic, cytotoxic, antibacterial and antifungal activities, and depletion of the mitochondrial membrane potential. The
strongest activity was found on Plasmodium falciparum with a selectivity index of 345, compared to Vero cells, for the natural
product and its geranyl analogue. The loss of mitochondrial membrane potential induced by aurachins in human U-2 OS osteosar-
coma cells was studied, showing the best activity for aurachin D and a naphthalene analogue, yet without totally explaining the
observed cytotoxic activity of the compounds. Finally, a synthetic entry is given to the complete carboheterocyclic core of aurachin

H through the N-oxidation/epoxidation of aurachin D and a shorter chain analogue, followed by subsequent biomimetic cyclization.

Introduction
The four aurachins A-D (1-4) were first isolated from the quinolone or quinoline nucleus substituted in position 3 or 4 by
myxobacterium Stigmatella aurantiaca strain Sg al5 in 1987  a farnesyl chain. In addition, aurachins can further be function-

(Figure 1) [1]. This class of compounds is characterized by a  alized by biosynthetic oxidative processes [2-5]. Since then,
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additional members of this natural product family were discov-
ered, namely aurachins E-R, from the same strain [3,6], from

Stigmatella erecta [7)] or from Rhodococcus sp. Acta 2259 [8].

MeO N
H endochin (5)

! aurachin H (6)

Figure 1: The 2-methyl-4(1H)-quinolone compounds: aurachins and
endochin.

Initially, aurachins were found to block NADH oxidation in
mammalian submitochondrial particles (aurachins C and D
being the most active) [1] by the inhibition of complexes I and
III of the mitochondrial respiratory chain [9,10]. They are
indeed analogues of the physiological ubiquinol and vitamins
K. They also affect the photosystem II and the cytochrome bf
complex of thylakoids in photosynthetic microorganisms [11].
Deeper studies led to the conclusion that these compounds are
powerful inhibitors of the quinol oxidation sites of bacterial

cytochromes bo and bd, with dissociation constants in the range

Beilstein J. Org. Chem. 2013, 9, 1551-1558.

of 10 nM. Aurachin D (4) was shown to selectively inhibit the
cytochrome bd complex [12].

With such biological properties, aurachins and their analogues
are also strong antimicrobial agents. Aurachins C and D (3 and
4) have been described as better inhibitors against Gram-posi-
tive bacteria compared to aurachins A and B (1 and 2) [1]. All
were cytotoxic on L929 mouse fibroblasts with ICsg values in
the range of 1-3 pg/mL and some of them strongly inhibited
Plasmodium falciparum at an 1Csq around 20 ng/mL (i.e.,
aurachins B, C and E, whereas aurachin D was 100- to 200-fold
less active) [6]. This antimalarial activity was comparable to
that of endochin (5) [13,14] and 2-methyl-4(1H)-quinolone
analogues as determined in the course of important
structure—activity optimization work [15]. In addition, many
N-hydroxyquinolone derivatives with variable side chains
displayed strong antiplasmodial activity at ICsy of ca. 1 nM
[16].

In fact, owing to their occurrence in many natural products
[17,18] and to the high frequency of their biological activities,
compounds containing the 4(1H)-quinolone nucleus may be
considered as important privileged structures [19-21] for medic-
inal purposes. This motivated the work therein, dealing with the
first synthesis of aurachin D (4). On this occasion, the prelimi-
nary synthesis of ring versus chain analogues was undertaken,
focusing on variations of the chain length or on the modulation
of electron density of the aromatic ring including surface exten-
sion. Oxidative conditions were finally considered en route to
N-oxide analogues, eventually leading to the heterocyclic core
of aurachin H (6) (Figure 1).

Results and Discussion
Synthesis of aurachin D (4) and analogues

with chain-length variations

Aurachin D (4) was synthesized in a three-step sequence from
ethyl acetoacetate (7) (Scheme 1). Alkylation of the sodium salt
of 7 in the presence of farnesyl bromide furnished the ethyl
2-farnesyl(acetoacetate) 8a in 82% yield. Upon treatment with
aniline, a Conrad-Limpach process [22-25] gave aurachin D (4)
in 72% yield. This transformation was performed in toluene
under reflux over 3 A molecular sieves by formation of an
imine intermediate, which was cyclized at 250 °C by Claisen
condensation. Precipitation of the product by addition of
pentane and subsequent filtration gave the pure synthetic
aurachin D (4) which shared the same spectral properties as the
natural product [3]. Analogous compounds bearing a shorter
side chain (geranyl: 9 [26], prenyl: 10, or methyl: 11) were
obtained by the same reaction sequence through the respective
2-alkyl(acetoacetate) 8b—8d, yet with unexpectedly lower yields

for the shorter-chain analogues 10 and 11.
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O NaH, THF, 0 °C 0]
M __coget CO,Et
then (0 °C—rt, 16 h):
7 a: farnesyl bromide R

b: geranyl bromide 8a: R = farnesyl (82%)

c: prenyl bromide 8b: R = geranyl (76%)
8c: R = prenyl (67%)
8d: R = Me (commercial)

AN
1)|/ 0
NH
=
N Me

PhMe, reflux H
2)PhMe, 250 °C  4: R =farnesyl (aurachin D: 72%)
(sealed tube) 9: R =geranyl (75%)
10:R = prenyl (53%)
11:R = Me (34%)

farnesyk R= E/\)\/\)\/\%l\
geranyl: R= ‘7‘&/\)\/\)\
preny. R= E/\)\

Scheme 1: Synthesis of aurachin D (4) and geranyl (9), prenyl (10)
and methyl (11) analogues.

This method allowed for the rapid gram-scale synthesis of
aurachin D (max. 1.1 g made in this work) with good yields and
in a minimum of steps, which has to be compared to the extrac-
tion yield of the natural product. Indeed from a culture batch of
60 L, the production of compound 4 by Stigmatella aurantiaca

Table 1: Synthesis of aurachin D analogues with aromatic variations.

Starting aniline

(L
- C

MeO

MeO

Beilstein J. Org. Chem. 2013, 9, 1551-1558.

Sg al5 under basal conditions was described as less than
1 mg/L after about 6 days [1]. This production was improved by
the addition of anthranilic acid (i.e., the aurachin biosynthetic
precursor) to the culture medium, furnishing 40 mg of 4 from
120 L [3].

Aurachin D analogues with variations of the

aromatic cycles

The same methodology was tentatively applied to other anilines
such as 2-naphthylamine (12), p-anisidine (13), 3,4-(methylene-
dioxy)aniline (14), 3,4-difluoroaniline (15) and methyl
3-aminobenzoate (16), using the 2-farnesyl(acetoacetate) 8a.
Not surprisingly, only the electron-rich anilines 12—14 were
reactive enough to furnish the expected 3-farnesyl-4(1H)-
quinolones 17-19 in moderate to good yields (Table 1). The
electron-poor anilines 15 and 16 were unreactive under these
experimental conditions, although the intermediate imine was
supposedly formed during the reaction but not isolated.

The carbocyclic core of aurachin H

Aurachin H (6) was isolated from Stigmatella aurantiaca at the
same time as the aurachin series A-L [3]. Biosynthetically, it
may arise from the double oxidation of the quinolone nitrogen
and the olefin epoxidation (2',3'-position) of the farnesyl chain,
with the epoxide being ring-opened with 5-exo selectivity by
the 4-hydroxy group of the resulting 4-hydroxyquinoline
N-oxide. Taking the geranyl analogue 9 as a model compound
(Scheme 2), after benzylic protection of the 4-hydroxyquino-
line form into 20, oxidative conditions were applied to perform
both N-oxidation and olefin epoxidations, in the presence of

Product Yield
)\/\M
45%
Me
17
65%
70%
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three equivalents of m-chloroperbenzoic acid (mCPBA). The
use of smaller quantities of the oxidant only led to complex
mixtures of nonselectively oxidized products. The crude prod-
uct 21a was then submitted to benzyl group hydrogenolysis.
As expected upon completion of the reaction, the 4,5-dihydro-
furo[3,2-c]quinoline N-oxide ring system 22 was obtained as a

I %QA)\

| 2
N Me
H
9
LDA, DMSO, rt
then BnBr, rt
83%
OBn
A = =
~
N Me
20
mCPBA (3 equiv)
CHyCly rt

R =Bn:21a (d.r. 1:1)

R =H: 21b (d.r. 1:1) :l H,, Pd/C, EtOH

spontaneous upon

R=H 1 hydrogenolysis

22 (36% from 20, as a pair of
diastereoisomers: d.r. 1:1)

Scheme 2: Strategy toward the heterocyclic core of aurachin H.

Beilstein J. Org. Chem. 2013, 9, 1551-1558.

racemic pair of diastereoisomers in a 1:1 ratio, supposedly
formed through the spontaneous cyclization of intermediate
21b, which was not isolated. We also performed the same reac-
tion sequence from aurachin D (4), giving the aurachin-H
diepoxide with comparable yields [27]. After optimizing the
selectivity of the epoxidation, this reaction may furnish a rapid
strategy toward aurachin H (6) and related compounds in a bio-

inspired manner.

Biological activities

The cytotoxic activity of aurachin D (4) and analogues 9-11
and 17-19 was evaluated in growth inhibition experiments on
mammalian cell lines (Table 2). After 5 days treatment, half
inhibitory concentrations (ICsg) were determined for human
HCT-116 colon carcinoma and human K562 myelogenous
leukemia cells. The synthesized natural product 4 and its
geranyl and methoxy analogues (9 and 18) were the most active
amongst the tested derivatives with ICsq values in the low
pg/mL range, whereas analogues 10, 11, 17, and 19 displayed

no significant toxicity up to concentrations of 10 pg/mL.

Since aurachins are described as electron-transport inhibitors of
the mitochondrial respiratory chain (complex I and III) [28], we
analyzed the synthetic analogues in high-content screening
experiments with respect to a decrease of the mitochondrial
membrane potential (MMP). Human U-2 OS osteosarcoma cells
were treated for 16 hours with aurachins 4, 9-11, and 17-19 at
concentrations between 1 and 10 pg/mL, and mitochondria
were labeled with tetramethylrhodamine methyl ester (TMRM)
in order to assess changes in MMP (Figure 2). Most prominent
concentration-dependent effects were determined for aurachin
D (4) and one of its analogues (17). At concentrations as low as
5 pg/mL, 4 and 17 significantly reduced the MMP, which was
further diminished at higher concentrations (Figure 2A). Other
analogues with aromatic variations (18 and 19) were essentially
inactive in the tested concentration range, although aurachin
analogue 18 was determined to have a cytotoxic activity (ICs)
at ca. 1 pg/mL. This might be due to differential effects on
different cell lines, a different time course of electron-transport
inhibition, or a different mode of inducing apoptosis (e.g., via

Table 2: Cytotoxicity tests on HCT-116 human colon carcinoma and K562 myelogenous leukemia cells (showing IC5q: half inhibitory concentrations,

pg/mL)a-b,
Compounds: 4 9 10
HCT-116 2.23+0.76 2.52+0.48 >10
K562 0.65+0.16 1.50 £ 0.31 ca. 10

11 17 18 19
>10 >10 1.64 £0.47 >10
>10 ca. 10 1.15+£0.22 >10

aActivities on Vero cells (nontumor cells) were all at IC5q >10 ug/mL, with aurachin D (4) being cytotoxic at 13.8 pg/mL, except compound 19 at
4.4 ug/mL (the aurachin H analogue 22 was also not active at any concentration up to 50 pg/mL); PAll tests performed in triplicate; values were calcu-

lated by sigmoidal curve fitting and are displayed as mean +SD.
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10 pg/mL geranyl analogue 9

Figure 2: (A) Loss of mitochondrial membrane potential in human U-2 OS osteosarcoma cells that were treated with aurachin D (4) and analogue 17.
Images were acquired on a BD Pathway855 automated microscope and subsequently processed in AttoVision v1.6.2. The relative MMP was calcu-
lated based on TMRM fluorescence intensity in the cytoplasmic segments. The value of the negative control (untreated cells) was set to 100% and the
value of FCCP-treated cells (positive control) was set to 0%. Bars represent the mean +SEM of all cellular segments within a well. (B) Representative
HCS images of U-2 OS cells that were treated with aurachin D (4) or the geranyl analogue 9. Cells were labeled with TMRM and imaged in the

rhodamine channel at 200x magnification.

enhanced ROS formation) [29]. However, at the highest assay
concentration also shorter chain analogues 9-11 reduced the
MMP to approximately 60—80% of the control value as exem-
plarily shown for geranyl analogue 9 (Figure 2B).

Antiparasitic activities were evaluated on the chloroquine-resis-
tant Plasmodium falciparum FcB1 and on Trypanosoma brucei

gambiense. Aurachin D (4) and its geranyl analogue 9 showed a
strong antiplasmodial activity at 0.04 and 0.07 pg/mL, respect-
ively, while analogues 10, 11 and 17-19 were 10- to 100-fold
less active (Table 3). Based on the simplest but less active
3-methyl analogue 11, we compared the activity with the
commercial 2-methyl-4(1H)-quinolone (23), the 3-bromo-2-
methyl-4(1H)-quinolone (24) and N-hydroxy-2,3-dimethyl-

Table 3: Antiparasitic activities on Plasmodium falciparum FcB1 and Trypanosoma brucei gambiense (ICsq, ug/mL).2

Compounds: 4 9 10 1

P. falciparum FcB1 0.04 0.07 0.55 2.30
+0.02 +0.02 +0.16 +1.40

T. brucei gambiense 0.4 15 5.8 >10

17 18 19 23 24 25
0.51 0.20 0.42 7.70 1.10 2.70
+0.18 +0.04 009 +250 +1.30
0.8 1.6 >10 >10 1.7 >10

@For P. falciparum FcB1, all tests performed in triplicate (except compound 24); values were calculated by sigmoidal curve fitting and are displayed as

mean +SD.
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4(1H)-quinolone (25), showing the importance of a substituent
in position 3. The N-hydroxy substitution of 25 had no effect on
the activity of the 2,3-dimethylquinolone core (compared to 11).
Due to the lack of the farnesyl chain, this comparison of the
quinolone substitution effect yet diverges from previous obser-
vations showing an approximately 200-fold higher activity of
aurachin C (3) compared to aurachin D (4) (which however
displayed strong activity on our FcB1 strain) [6]. Comparative-
ly, it is known from the literature that farnesol alone is poorly
antiplasmodial with an ICs( of 64 uM [30], showing the crucial
importance of the quinolone core for this strong activity.

The antitrypanosomal activity was found much lower than the
antiplasmodial activity, with the most active compounds being
the natural product 4 and the aromatic analogue 17 at IC5¢ = 0.4
and 0.8 pg/mL, respectively (Table 3). The geranyl (9) and
prenyl (10) analogues still retained some activity at 1.5 and
5.8 ng/mL, respectively. Overall, we found interesting antipara-
sitic activities for these compounds relative to the cytotoxicity
on human Vero cells, with antiplasmodial and antitry-
panosomal selectivity indexes of 345 and 35, respectively, for
aurachin D (4), which still make it medicinally relevant for
antiparasitic purposes [31].

In accordance with previous reports [1], antibacterial activities
(Table 4) were mainly observed on Gram-positive bacteria
while Gram-negative bacteria were not affected, except
Escherichia coli TolC which is deficient in the corresponding
multidrug efflux transporter. The tested compounds were
neither active on yeast (Candida albicans) nor on molds (Mucor

hiemalis, Fusarium oxysporum, Alternaria alternata). The

Beilstein J. Org. Chem. 2013, 9, 1551-1558.

natural compound 4 was one of the most active compounds, but
also shorter chain analogues 9 and 10 inhibited, for instance, the
growth of Staphylococcus aureus at concentrations in the low
pg/mL range, whereas analogue 9 was approximately twice as
active as 10. As the 3-methyl analogue 11, aurachin D
analogues with variations of the aromatic cycle (17-19) were
essentially inactive. Solely analogues 18 and 19 displayed a

significant growth inhibitory effect on Bacillus subtilis.

Conclusion

During this work, not only the total synthesis of aurachin D (4)
was accomplished, but also that of analogues with variations in
chain length or aromatic cycle. The general strategy involved a
key Conrad-Limpach synthesis of quinolones. Additionally, we
were able to build the carboheterocyclic core of aurachin H (6)
under epoxidation conditions, i.e., the 4,5-dihydrofuro[2,3-
c]quinoline N-oxide, and thus to synthesize chain analogues of
6. Biological investigations demonstrated the superiority of the
natural product 4 regarding its inhibitory effect on Gram-posi-
tive bacteria, human cancer cell lines, and above all on the para-
sites Plasmodium falciparum FcB1 (with an excellent selec-
tivity index of 345) and Trypanosoma brucei gambiense. We
found that the biological activities were mostly conserved with
the geranyl analogue 9. Also other shorter chain analogues (10
and 11) retained some activities. Inhibitory concentrations were,
however, by one or two orders of magnitude higher than those
determined for aurachin D (4) and its geranyl analogue 9. Vari-
ants with modifications of the aromatic cycle (17, 18) were gen-
erally less potent although it was found that the methoxy variant
18 is cytotoxic on human cancer cell lines. Indeed, this cyto-
toxic effect might be rather unspecific or only in part linked to

Table 4: Antibacterial activities of 4(1H)-quinolone derivatives (MICsq, ug/mL).2

Compounds: 4 9

Gram-positive

Bacillus subtilis DSM10 <0.1 <0.1
Micrococcus luteus 1.47 2.59
+0.12 +0.34
Staphylococcus aureus Newman (MSSA) 5.46 3.96
+1.05 +0.49
Staphylococcus aureus DSM11822 (MRSA)  2.10 4.50
+0.19 +0.74
Gram-negative
Escherichia coli DH5a (wt) >64 >64
Escherichia coli (TolC) 8.36 1.41
+1.00 +0.45
Klebsiella pneumoniae DSM30104 >64 >64

10 11 17 18 19
0.22 49.04 >64 6.75 4.66
+0.06 +6.26 +0.60 +0.50
14.31 >64 >64 49.17 >64
+1.29 +3.94

9.66 >64 >64 >64 34.56
+2.39 +513
11.3 >64 >64 >64 >64
+1.44

>64 >64 >64 >64 >64
6.55 >64 >64 >64 >64
+1.36

>64 >64 >64 >64 >64

aAll tests performed in duplicate; values were calculated by sigmoidal curve fitting and are displayed as mean +SD.
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inhibition of the electron transport chain. Finally, the biological
activity of the compounds was assessed in a high-content screen
on mitochondrial dysfunction. For aurachin D (4) and its
shorter-chain analogues (9-11) we found that the mitochondrial
membrane potential was reduced to approximately 50% and
60-80% of the control, respectively. Analogues 18 and 19 with
variations of the aromatic cycle were inactive up to concentra-
tions of 10 pg/mL. However, analogue 17 strongly diminished
the MMP, whereas it remains to be elucidated whether this
effect is induced by selectively blocking the electron transport
chain or by other apoptotic processes, which, in turn, induce a
loss of MMP.

Supporting Information

Supporting information is available, featuring the synthetic
procedures and spectral data for compounds 9, 10, 17-22.

Supporting Information File 1
Experimental part.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-176-S1.pdf]
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Chemical analysis of the organic extract of Theonella swinhoei yielded two new tridecadepsipeptides of the theonellapeptolide

family, namely sulfinyltheonellapeptolide, characterized by a methylsulfinylacetyl group at the N-terminus, and theonellapeptolide

If, the first member of this class of compounds to show four valine residues. The structures of the compounds, isolated along with

the known theonellapeptolide Id, were determined by extensive 2D NMR and MS/MS analyses followed by application of Marfey’s

method. The isolated peptides exhibited moderate antiproliferative activity against HepG2 cells, a hepatic carcinoma cell line.

Introduction

Three decades of extensive chemical investigation [1] have
clearly evidenced that marine sponges of the genus Theonella
(Lithistida, Theonellidae) are treasure troves of secondary
metabolites. The chemical diversity of the isolated compounds
ranges from unusual steroids (exemplified by the 4-methylene
sterol theonellasterol [2,3] and truncated side-chain sulfated
steroids [4]), to complex macrocyclic polyketides (as the well-

known swinholide A, now a reference compound in the class of

actin interacting cell growth inhibitors [5]), polyene derivatives
(as aurantosides [6]), and polypeptides/depsipeptides. The
biosynthesis of several secondary metabolites of Theonella has
been ascribed to symbiotic microorganisms, as in the case of the
polyketide onnamide [7] and the polypeptide polytheonamide
[8]. It is, however, not unreasonable to presume that a symbi-
otic role in the production of secondary metabolites could be

crucial in many other cases.

1643

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:scatagli@unina.it
http://dx.doi.org/10.3762%2Fbjoc.9.188

Probably the most distinctive class of secondary metabolites of
Theonella is given by complex polypeptides whose uncommon
amino acids have been postulated to have either nonribosomal
(NR) or post-translationally modified ribosomal (PMR) origin
[8]. Several classes of Theonella polypeptides have been
isolated to date, and they often show peculiar features such as
largely rearranged amino acidic units, either D- or L-configura-
tions at the a-carbons, and the formation of macrocycles
through amide or ester bonds. To categorize the plethora of
Theonella polypeptides we could identify at least eight struc-
tural types: theonellamides (glycosylated imidazole-containing
macrocycles) [9], keramamides (including oxazole or thiazole
rings) [10], papuamides (HIV inhibitory macrocyclic depsipep-
tides) [11], polytheonamides (cytotoxic linear polypeptides)
[12], cyclotheonamides (thrombin and serine protease inhibi-
tors) [13
[14,15], solomonamides [16] and theonellapeptolides (cyclic

], perthamides (anti-inflammatory cyclopeptides)

tridecapeptides including several N-methylated and D-amino
acids) [17].

In the context of our long-standing interest for bioactive sec-
ondary metabolites from marine invertebrates, we have recently
investigated a specimen of 7. swinhoei collected off the coasts
of Manado (North Sulawesi, Indonesia), which proved to be
rich in aurantosides [6] and 4-methylene steroids [18], while
polyketide macrolides and peptide-based derivatives were
extremely rare if not absent. Remarkably, the chemical analysis
of a different specimen of 7. swinhoei, collected in the same
area as the previous one, exhibited an extremely different sec-
ondary metabolite composition. In particular, this second spec-
imen has been found to be rich in polypeptides and, from the
CHCIl;3 phase of the organic extract, we have identified the
major member of this class as theonellapeptolide Id (1)
(Figure 1). In this paper we report the results of the chemical

Beilstein J. Org. Chem. 2013, 9, 1643-1651.
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Figure 1: Structure of the known compound theonellapeptolide Id (1).

analysis of the polypeptide-containing fraction, which resulted
in the isolation of two new theonellapeptolides, namely
sulfinyltheonellapeptolide (2) and theonellapeptolide If (3)
(Figure 2). We describe the structural elucidation of these new
metabolites and the results of the preliminary pharmacological
evaluation of the isolated compounds on HepG2 cells (hepato-

carcinoma cell line).

Results and Discussion

Theonella swinhoei was collected in the Bunaken Marine Park
of Manado (North Sualwesi, Indonesia) in January 2010 and
frozen immediately after collection. The frozen material was
repeatedly extracted with methanol, and the crude extract was
subjected to a modified Kupchan’s partitioning procedure [19]
to obtain n-hexane, CHCl3 and n-BuOH extracts. The CHClj

ZT
o

ow#o

Figure 2: Structures of sulfinyltheonellapeptolide (2) and theonellapeptolide If (3).
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extract was chromatographed by silica gel MPLC, and fractions
eluted with CH,Cl,/MeOH 97:3 were further purified by HPLC
on Nucleodur or Ascentis reversed-phase columns (eluent
MeOH/H,0 87:13) to obtain the known theonellapeptolide Id
(1, 68.5 mg), and the new analogues sulfinyltheonellapeptolide
(2, 4.6 mg) and theonellapeptolide If (3, 2.1 mg) (Figure 2). The
known compound was identified on the basis of the comparison
of its spectroscopic data with those published in the literature
[17].

Theonellapeptolides are tridecapeptide lactones characterized
by the presence of aliphatic and non-polar amino acids

Beilstein J. Org. Chem. 2013, 9, 1643-1651.

including high ratio of D-amino acids, N-methyl amino acids,
and B-amino acids. In particular, the structure of theonellapep-
tolide Id (1) includes three B-Ala, three D-Leu (one N-methy-
lated), two L-Val (one N-methylated), one L-MeAla, one L-Thr,
one L-Melle, and two D-allolle (one N-methylated) units.

Sulfinyltheonellapeptolide (2, [a]p —38.1, ¢ 0.1, MeOH) was
isolated as a colorless amorphous solid with pseudomolecular
ion peaks at m/z 1423 [M + H]" and 1445 [M + Na]" in the
ESIMS, and high-resolution analysis established the molecular
formula Cg9H 23N [3016S. Inspection of its 'H NMR spectrum
(CD30D, Table 1) clearly suggested the peptide nature of 2 and

Table 1: 'H (500 MHz) and "3C (125 MHz) NMR data of sulfinyltheonellapeptolide in CD30D (2).

AA Position Oy, m, Jin Hz oc
L-Thr 1 - 171.2
2 4.36, m 58.5

3 519, m 70.6

4 1.11,d, 6.5 19.1
D-Me-lle 5 - 173.4
6 5.06, m 62.5

7 2.142 34.2

8 0.78,d,7.2 11.5

9/9’ 1.10, m; 1.38, m 26.5

10 0.98,t,7.6 17.0

6-NMe 3.22,s 32.0
D-Leu 11 - 177.0
12 5.03, m 50.5

13/13’ 1.748,1.252 40.4

14 1.812 26.3

15 0.892 111

16 0.94d,7.3 17.2
B-Ala 17 - 174.3
18/18’ 223, m229m 39.5

19/19 3.24,m3.69, m 38.2
L-Me-Ala 20 - 1725
21 5.172 58.5

22 1.45,d,7.1 16.0

21-NMe 2.77s 30.5
L-Me-Val 23 - 173.0
24 5.022 59.4

25 240, m 30.2

26 0.862 20.6

27 0.92,d, 6.1 20.8

24-NMe 3.31s 31.9
D-Val 28 - 173.2
29 4.76, m 68.9

30 2.68, m 27.6

31 0.862 18.1

32 1.17,d,6.5 23.3

aQverlapped with other signals.

AA Position Oy, m, Jin Hz d¢c
B-Ala 33 - 173.2
34/34 229, m; 2.59, m 36.5
35/35’ 3.10, m; 4.23, m 36.8
L-Me-lle 36 - 172.5
37 3.14, m 71.2
38 248, m 36.5
39/39’ 1.04, m; 1.922 30.2
40 1.00@ 13.2
41 0.81,d,6.4 15.3
37-NMe 3.35,s 39.9
D-Leu 42 - 176.2
43 5.06, m 50.6
44 1.728; 1.252 41.2
45 1.80@ 26.6
46 1.034 21.0
47 1.042 25.0
B-Ala 48 - 175.0
49/49 2.28, m; 2.36, m 39.1
50/50’ 3.14,m; 3.81, m 37.7
D-Me-Leu 51 - 175.2
52 524, m 57.5
53/53’ 1.418;2.03 m 39.5
54 1.522 271
55 0.83,d,6.7 221
56 0.959 243
52-NMe 3.30s 33.0
L-Val 57 - 176.0
58 4.76, m 57.7
59 212, m 325
60 0.96 20.4
61 1.012@ 19.2
Me-SAc 62 166.5
63/63’ 3.67,d,11.2; 58.9
3.86,d, 11.2
63-SOMe 2.79, s 39.2
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placed it into the theonellapeptolide class. Given this characteri-
zation of 2 the presence of the sulfur atom in the molecular
formula appeared especially remarkable. In particular, the 'H
and 13C NMR data of 2 indicated the presence of six methyl
singlets (0y 2.77, 2.79, 3.22, 3.30, 3.31, and 3.35) and fourteen
carbonyl groups (resonating from 3¢ 166.5 to 177.0). Extensive
analysis of homonuclear and heteronuclear 2D NMR spectra
including 'H/'H COSY, 'H/'H TOCSY, 'H/!13C HSQC and
IH/13C HMBC allowed us to overcome the difficulty posed by
the severe signal overlap in the 'H NMR spectrum and to estab-
lish the presence of three B-Ala, three Leu (one N-methylated),
two Ile (both N-methylated), three Val (one N-methylated), one
Thr, and one N-methylAla, the same amino acid composition as
in theonellapeptolide Id (1) except for one residue. The above
analysis left unassigned a methyl singlet at 3y 2.79 (6¢ 39.2)
and a pair of mutually coupled doublets at 6y 3.67 and 3.86,
with these latter signals showing HMBC correlations both with
the methyl carbon at 8¢ 39.2 and an amide carbonyl resonating
at 8¢ 166.5. The 'H and 13C NMR chemical shift values of both
the methyl and the methylene groups strongly suggested their
linkage to a sulfoxide group, and the presence of a methyl-
sulfinylacetyl (MeS(O)Ac) subunit was also in full agreement
with the molecular formula. The amino acid sequence of 2 was
then disclosed by careful analysis of the pattern of HMBC
correlations, whose key cross-peaks are shown in Figure 3. The
cross-peak of the Thr low-field shifted B-CH (g 5.19) with the
Me-Ile carbonyl group revealed the presence of an ester linkage.

HMBC analysis also revealed that the amide carbonyl at 6¢
166.5 assigned to the methylsulfinylacetyl subunit was corre-

lated to the Ha of Val-1 residue, thus establishing the acetyla-
tion of the N-terminus in 2. Methanolysis of 2, followed by ESI

(\mﬁ 7
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(positive ion mode) MS/MS analysis of the obtained acyclic
methyl ester derivative provided key fragment peaks, shown in
Figure 3, giving definitive confirmation of the sulfinyltheonel-
lapeptolide gross structure. In addition to the pseudomolecular
ion at m/z 1454 [M + H]", corresponding to the introduction of
32 mass units (MeOH) in the molecule, the ESIMS/MS spec-
trum provided several fragment ion peaks corresponding to
N-terminus fragments due to the cleavage of the amide bond,
and referred to as the b series in Roepstorff and Fohlman
nomenclature [20]. In particular, the presence of the b2 frag-
mentation peak at m/z 331 supported, once again, the presence
of the MeS(O)Ac unit.

Complete acid hydrolysis of 2 and Marfey’s analysis [21] on the
hydrolysate (derivatization with L-FDAA, 1-fluoro-2,4-dinitro-
phenyl-5-L-alanine amide, followed by LC—-MS comparison
with the FDAA derivatives of appropriate standards) enabled us
to determine the configuration of the chiral amino acid residues
as L-MeAla, D-Leu (x2), D-MeLeu, L-Thr, L-Me-Val, L-Me-
Ile, D-Me-allo-1le, D-Val and L-Val. This result left the ambi-
guity on the localization of the two methylisoleucine residues
and of the two enantiomeric valine residues. Since the 'H and
13C NMR resonances for the amino acids at positions 5-10 and
3641 of 2 were almost superimposable with the corresponding
values reported for theonellapeptolide Id (1) [22], we assumed
that the two peptides share the configurations at those positions,
thus inferring the configurations of the two isoleucine residues.
Similarly, it appeared reasonable to assume that, as in the
co-occurring theonellapeptolide Id (and in all the theonellapep-
tolide found to date), the L-Val could be the N-terminal amino
acid and thus, the D-Val should be the amino acid at positions
28-32. A D-Val residue at these positions has been found previ-

7 o)
b6 b9
m/z 743 m/z 1026

Figure 3: COSY and key HMBC correlations (left) and MS/MS fragmentations of 2 and its ring-opened methanolysis product, respectively.
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ously in the structure of theonellapeptolide Ia [23]. The con-
figuration at the stereogenic sulfur atom of 2 has been left unde-

termined.

Theonellapeptolide If (3, [a]p —26.7, ¢ 1.0, MeOH) was isolated
as a colorless amorphous solid and its molecular formula was
established to be C4gH121N130¢ by means of high resolution
ESIMS. Inspection of 'H and 13C NMR spectra of 3 (CD30D,
Table 2) revealed extensive similarities with parallel data
detected for 2. The most important differences could be recog-
nized in the downfield shift of one methyl singlet (from oy

Beilstein J. Org. Chem. 2013, 9, 1643-1651.

2.79, 8¢ 39.2 in 2 to dy 3.38, 8¢ 59.1 in 3) and of a pair of
mutually coupled doublets (from 6y 3.67 and 3.86, 6¢ 58.9 in 2
to Oy 3.88 and 3.97, ¢ 71.8 in 3). These data were easily ratio-
nalized with the replacement of the terminal methylsulfinyl-
acetyl group with a methoxyacetyl group, a typical N-terminus
acylating unit, already found in the theonellapeptolide family.

Careful inspection of COSY and TOCSY spectra revealed also
that, in agreement with the molecular formula, one isoleucine
residue of 2 is replaced by a valine residue in 3. A subsequent
combined analysis of homonuclear and heteronuclear 2D NMR

Table 2: TH (500 MHz) and 13C (125 MHz) NMR data of theonellapeptolide If (3) in CD3OD [24].

AA Position Oy, m, Jin Hz o¢c
L-Thr 1 - 169.2
2 4.38, m 57.5
3 515, m 69.3
4 1.13,d,6.5 17.5
D-Me-Val 5 - 171.5
6 495, m 62.2
7 2274 26.7
8 0.76,d, 7.2 11.5
9 0.99,d,7.2 235
6-NMe 3.17,s 31.3
D-Leu 11 - 177.0
12 5.01, m 48.5
13/13’ 1.658, 1.252 40.3
14 1.748 249
15 0.969 11.1
16 0.98d,7.3 17.2
B-Ala 17 - 174.3
18/18 223, m231m 39.5
19/19 3.15,m3.85, m 38.2
L-Me-Ala 20 - 172.5
21 5.172 58.5
22 1.45,d,7.1 16.0
21-NMe 277s 30.5
L-Me-Val 23 - 173.0
24 5.022 59.4
25 2.40, m 30.2
26 0.869 20.6
27 0.92,d,6.1 20.8
24-NMe 3.31s 31.9
D-Val 28 - 173.2
29 4.76, m 68.9
30 2.68, m 27.6
31 0.869 18.1
32 1.17,d,6.5 233

a0verlapped with other signals.

AA Position Oy, m, Jin Hz o¢c
B-Ala 33 - 173.2
34/34’ 229, m; 259, m 36.5

35/35 3.10, m; 4.17, m 36.8
L-Me-lle 36 - 172.5
37 3.14, m 71.2

38 248, m 36.5

39/39’ 1.04, m; 1.922 30.2

40 1.00@ 13.2

41 0.81,d,6.4 15.3

37-NMe 3.35,s 39.9
D-Leu 42 176.2
43 5.09, m 50.6

44 1.728; 1.259 41.2

45 1.782 26.6

46 1.032 21.0

47 1.048 25.0
B- Ala 48 - 175.0
49/49’ 2.28, m; 2.36, m 39.1

50/50’ 3.14, m; 3.81, m 37.7
D-Me-Leu 51 - 175.2
52 5.18, m 56.4

53/53 1.418;2.03 m 39.5

54 1.522 271

55 0.83,d,6.7 221

56 0.95% 24.3

52-NMe 3.30s 33.0
L-Val 57 - 176.0
58 4.98, m 54.6
59 2.08, m 31.6
60 0.982 20.4
61 1.012@ 19.2
MeO-Ac 62 169.2
63/63’ 3.88,d,11.2; 71.8

3.97,d,11.2
63-OMe 3.38 59.1
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spectra disclosed the presence of the following residues: three
B-Ala, three Leu (one N-methylated), one N-methyl-Ile, four
Val (two N-methylated), one Thr, and one N-methylAla. As
detailed for 2, the amino acid sequence of 3 was deduced by
careful analysis of HMBC correlations and supported by the
MS/MS spectrum of the methanolysis product mixture (see
Supporting Information File 1). Thus, theonellapeptolide If (3)
has been identified as a new member of the theonellapeptolide
family differing from theonellapeptolide Id (1) by the replace-
ment of two isoleucine residues (positions 5—10 and 28-32)
with valine residues. Complete acid hydrolysis of 3 and
Marfey’s analysis [21] on the hydrolysate mixture provided the
configuration of the chiral amino acid residues as L-MeAla,
D-Leu (x2), D-MeLeu, L-Thr, L-Me-Ile, D-Me-Val, D-Val,
L-Me-Val and L-Val. With these data in hands, it was not
possible to unambiguously define the exact localization of the
valine residues. However, if we assume that the L-Val and
L-Me-Val residues are localized at the same positions as in
theonellapeptolide 1d, then the positions of their enantiomeric
counterparts are consequently deduced. In summary, com-
pound 3 is a valine-rich theonellapeptolide, being the first
member of this class to possess four valine residues.

Theonellapeptolides are structurally similar to the widely used
immunosuppressant drug cyclosporin A, sharing at least three
important features: 1) the exclusive presence of hydrophobic ali-
phatic amino acids; ii) the abundance of N-methylated residues
and iii) the presence of a macrocycle made up by more than ten
amino acids. Only a few theonellapeptolides have been tested
for immunosuppressive activity and they revealed a moderate
potency [25]. In general, the potential bioactivity of this class of
unique cyclopeptides has not been investigated in great detail,
and an inhibition of the development of fertilized eggs of sea
urchin [26], an activity on the transport of Na* and K* ions
[23], and a moderate cytotoxicity [23] have been reported.

The three theonellapeptolides isolated during the present
investigation (1-3) have been evaluated for their antiprolif-
erative activity against HepG2 cells, a hepatic carcinoma cell
line. As reported in Figure 4, all tested compounds showed anti-
proliferative activity at low micromolar doses, with a similar
pattern of potency. At the dose 10 uM, the proliferation rate of
HepG2 cells was significantly reduced by theonallapeptolide 1d
(1), sulfinyltheonellapeptolide (2) and theonellapeptolide If (3)
to about 50%, 30% and 50%, respectively (Figure 4, panels A,
B and C; * p<0.05 compared to untreated cells; n = 4). Only
theonellapeptolide Id was able to significantly reduce the prolif-
eration at 1 uM. At this dose, the proliferation reduction was
equal to 20% (Figure 4, panel A; * p < 0.05 compared to
untreated cells; n = 4). Computation of 50% inhibitory drug
concentration (ICsg) revealed that compounds 1, 2 and 3 were
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characterized by very similar 1Csq values of about 1.5 uM for
theonellapeptolide Id and 3 uM for sulfinyltheonellapeptolide
and theonellapeptolide If.

Conclusion

In conclusion, the chemical analysis of the organic extract of an
Indonesian Theonella swinhoei allowed the isolation of two
new members of the theonellapeptolide family, namely
sulfinyltheonellapeptolide, characterized by a methylsulfinyl-
acetyl group at the N-terminus, and theonellapeptolide If, the
first member of this class to show four valine residues. The
structures of the compounds have been determined by exten-
sive 2D NMR and MS/MS analyses followed by the applica-
tion of Marfey’s method. The position of D- and L-residues was
also assigned on the basis of a comparison with known com-

pounds.

A moderate antiproliferative activity on a hepatic carcinoma
cell line has been disclosed for the isolated compounds. A more
detailed evaluation of the pharmacological profile of this class

of marine peptides is underway in our groups.

Experimental

General experimental procedures: Optical rotations were
measured on a Perkin—Elmer 243 B polarimeter. Low and high-
resolution ESIMS and MS/MS experiments were carried out on
a LTQ OrbitrapXL (Thermo Scientific) mass spectrometer.
NMR spectra were obtained on Varian Inova 500 MHz spec-
trometer (\H at 500 MHz, 13C at 125 MHz); & (ppm), J in Hz,
spectra referred to CD30D (8 3.32, ¢ 55.0) as an internal
standard. Homonuclear 'H connectivities were determined by
COSY experiments. Single-bond heteronuclear 'H/!3C connec-
tivities were determined with the HSQC experiment. Two and
three bond 'H/!3C connectivities were determined by gradient
2D HMBC experiments optimized for a 23J = 9 Hz. Medium-
pressure liquid chromatography was performed on a Biichi
apparatus by using a silica gel (230—400 mesh) column. HPLC
was achieved on a Knauer apparatus equipped with a refractive
index detector and analytical LUNA (Phenomenex) columns.
The purities of compounds were determined to be greater than
95% by HPLC.

Animal material, extraction and isolation: Theonella swin-
hoei (order Lithistida, family Theonellidae) was collected in the
Bunaken Marine Park of Manado (North Sualwesi, Indonesia)
in January 2010 and frozen immediately after collection. A
reference sample of the sponge has been deposited at the
Department of Pharmacy, University of Naples Federico 11,
with the code Man-10-06. The frozen material (16.5 g) was
extracted with methanol (3 x 1.5 L) at room temperature, and

the crude methanolic extract was subjected to a modified
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Figure 4: Antiproliferative activity of theonellapeptolides 1-3 on hepatic carcinoma cell line. The MTT assay was performed on HepG2 cells treated
with increasing doses for 48 hours. Left panel: Proliferation rate expressed as A% of absorbance compared to untreated cells. The values are
expressed as the mean + standard error. Right panel: Computation of ICsq values. From top to bottom: Theonellapeptolide Id, sulfinyltheonellapep-
tolide and theonellapeptolide If (* p < 0.05 compared to untreated cells; n = 4).

Kupchan’s partitioning procedure as described in [26]. The
CHClj extract (4.76 g) was chromatographed with a silica gel
MPLC by using a solvent gradient system from CH,Cl, to
CH;Cl,/MeOH 8:2. The fractions eluted with CH,Cl,/MeOH
97:3 (853.3 mg) were further purified by silica gel column chro-

matography followed by HPLC on a Nucleodur 100-5 C;g
(Phenomenex) (5 pm; 7.8 mm i.d. x 250 mm) with MeOH/H,0O
(9:1) as an eluent (flow rate 0.9 mL/min) to give theonellapep-
tolide Id (1) (68.5 mg), sulfinyltheonellapeptolide (2, 4.6 mg)
and theonellapeptolide If (3, 2.1 mg).
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Sulfinyltheonellapeptolide (2): Colorless amorphous solid;
[a]p25 —38.0 (¢ 0.1, CH30H); 'H and '3C NMR data in CD3;0D
are given in Table 1; ESIMS: m/z 1423 [M + H]" and 1445
[M + Na]®. HRMS-ESI (m/z): [M + Na]* calcd for
CgoH123N13NaO14S, 1444.8829; found, 1444.8834.

Theonellapeptolide If (3): Colorless amorphous solid;
[a]p25 —26.7 (¢ 0.1, CH30H); 'H and '3C NMR data in CD3;0D
are given in Table 2; ESIMS (m/z): 1377 [M + H]" and 1399
[M + Na]®. HRMS-ESI (m/z): [M + Na]* calcd for
CeoH121N13NaO 4, 1398.8952; found, 1398.8949.

Acid hydrolysis and Marfey’s analysis: Peptide samples
(600 pg) were subjected to acid hydrolysis and subsequent
Marfey’s analysis in a similar manner as described in [27].
LC-MS analysis (ESIMS, positive ion mode): individual
FDAA-amino acid peak was identified by co-injection with
standard amino acid derivatives. The retention times (min) of
the FDAA standards were 18.15 for L-Thr, 21.50 for L-MeAla,
29.91 for 1-Val, 34.04 for L-MeVal, 34.23 for D-Val, 38.25 for
L-Melle, 34.42 for D-MeVal, 41.35 for D-allo-Melle, 43.20 for
D-Leu, 45.08 for D-MeLeu. Observed amino acids and their
retention times (min) for FDAA derivatives of acid hydrolysate
of 2 and 3: 2 18.12 for L-Thr, 21.39 for L-MeAla, 29.98 for
1-Val, 34.01 for L-MeVal, 34.31 for D-Val, 38.18 for L-Melle,
41.32 for D-allo-Melle, 43.19 for D-Leu, 45.01 for D-MeLeu. 3
18.12 for L-Thr, 21.36 for L-MeAla, 29.99 for 1-Val, 34.02 for
L-MeVal, 34.29 for D-Val, 38.19 for L-Melle, 34.40 for
D-MeVal, 43.17 for D-Leu, 45.02 for D-MeLeu.

Evaluation of antiproliferative activity: HepG2 cells were
plated in a 24-wells plate at 3 x 104 cells/well, in Minimum
Essential Medium with Earl's salts containing 10% fetal bovine
serum (FBS), 1% L-glutamine and 1% penicillin/streptomycin.
On day 2, cells were treated with increasing doses of theonel-
lapeptolide Id (0.1, 1 and 10 pM), sulfinyltheonellapeptolide
(0.1, 1 and 10 uM) and theonellapeptolide If (0.1, 1 and 10 puM)
for 48 hours. On day 4, a MTT assay was assessed: 100 puL of
MTT solution (5mg/mL) were added to each well and the cells
were incubated at 37 °C for 4 hours. After the incubation, the
culture medium was removed and 1 mL of DMSO was added to
each well. The absorbance was read by using a spectropho-
tometer at 590 nM. The proliferation rate was reported as the
delta of absorbance compared to untreated cells, and values are
expressed as mean + standard error. Experiments were
performed in quadruplicate. For each compound the ICs value
was evaluated as follows: The inhibition of proliferation
was expressed as percentage compared to the inhibition
of proliferation observed at the highest dose of any
experimental setting (which was arbitrarily assigned a value of
100%).
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Piperazirum, isolated from Arum palaestinum Boiss, was originally assigned as 7-3,c-5-diisobutyl-c-6-isopropylpiperazin-2-one.

The reported structure was synthesised diastereoselectively using a key nitro-Mannich reaction to set up the C5/C6 relative stereo-

chemistry. The structure was unambiguously assigned by single crystal X-ray diffraction but the spectroscopic data did not match

those reported for the natural product. The structure of the natural product must therefore be revised.

Introduction

The nitro-Mannich reaction (or aza-Henry reaction) has been
developed to a standard where the product -nitroamines 1 are
now privileged building blocks. In part this is due to the
complementary synthetic flexibility available from the two
different nitrogen atom oxidation states (Scheme 1) [1]. They
have been used to synthesise many nitrogen-containing func-
tional groups including a-amino carbonyls [2,3], peptidomi-

metics [4], natural products [5-10] and many heterocyclic small

molecules [11-24] of importance to drug discovery. Enantiose-
lective reactions have been controlled by asymmetric metal-
centred Lewis acids; chiral hydrogen bond donors, in particular
by the use of asymmetric thiourea organocatalysts, chiral
Bronsted acids, phase-transfer catalysts and Brensted base cata-
lysts [3,15,25-39]. A large part of our own work in developing
the nitro-Mannich reaction was to demonstrate the preparation
of stereodefined 1,2-diamines [40-45].
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Scheme 1: Schematic nitro-Mannich reaction.

As part of a programme aimed at using these 1,2-diamines as
building blocks in target synthesis we focused on the synthesis
of a novel bioactive alkaloid, piperazirum (2, Scheme 2), which
to our knowledge had not been previously synthesised.
Piperazirum was isolated from the leaf extract of Arum palaes-
tinum Boiss and was shown to possess significant cytotoxicity
against cultured tumor cell lines in vitro [46]. Its chemical
structure and relative stereochemistry were elucidated by high
resolution mass spectrometry, infrared, 1D and 2D NMR spec-
troscopy [46]. Retrosynthetically we envisaged that the C-3
stereocentre could be set up by hydrogenation from the less
hindered face of a-iminolactam 3 or a,B-unsaturated lactam 4
(Scheme 2). These heterocycles could be derived from a
common a-keto acid derivative 5 and either diamine 6 or 7, that
could in turn be prepared from B-nitroamine 8 or 9. Each of the
B-nitroamines could be prepared enantioselectively by using our
previously reported methodology [28,43,45] and would allow
elucidation of the absolute stereochemistry of piperazirum (2).

Results and Discussion

The common a-keto acid derivative 5 was easily prepared from
a Grignard reaction of isobutylmagnesium chloride with diethyl
oxalate to give a-keto ester 10 in 94% yield (Scheme 3) [47].
Saponification of 10 with KOH provided o-keto acid 11 in
excellent yield [48], and the corresponding acid chloride 12 was
prepared in situ by treatment with oxalyl chloride [49].

For the synthesis of B-nitroamine 8 we decided to make use of

the reductive nitro-Mannich reaction as the starting nitroalkene
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Scheme 2: Retrosynthetic analysis of piperazirum.
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Scheme 3: (a) iBuMgCl, Et,0, =78 °C; (b) KOH, EtOH/H,0, 100 °C;
(c) (COCl),.

13 is readily available from a Henry reaction [50], imine 14
from the condensation of p-anisidine and isobutyraldehyde, and
the process can easily be made asymmetric [45]. Conjugate ad-
dition of hydride to 13 and subsequent trapping of the nitronate
anion with freshly prepared imine 14 in THF gave B-nitroamine
15 in 64% conversion and a dr of 70:30 (Scheme 4). Quite
frequently B-nitroamines are unstable and susceptible to
retroaddition [43,44]. Formation of the corresponding trifluoro-
acetamide derivative confers stability and allows them to be
purified. Using previously developed conditions to protect the
amine in situ using (CF3CO),0 gave only B-nitroamine 16 as a
single diastereoisomer in a low 15% yield. These results are
consistent with the poor conversions and dr, as well as resist-
ance to trifluoroacetamide protection, we have observed before
from imines derived from a-branched aldehydes such as cyclo-
hexanecarbaldehyde [44].

In cases where trifluoroacetylation fails, it is quite common to
purify the B-nitroamine by rapid column chromatography,
quickly followed by reduction to give the corresponding 1,2-di-
amine. In this case rapid purification of 15 followed by reduc-
tion with Zn/HCl gave the 1,2-diamine 17 as a single diastereo-
isomer in 50% yield (Scheme 4).

With diamine 17 in hand, the reaction with a suitable keto acid
derivative was investigated. We presumed that the nitrogen of
the primary amine would be the more nucleophilic and hence

should react with the more electrophilic carbonyl group — i.e.
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Scheme 4: (a) Li(EtsBH), THF, rt then 14, CF3CO,H, =78 °C, dr 70:30; (b) (CF3C0),0, Py, CH,Cl,, 0 °C to rt; (c) Zn, 6 M HCI, EtOAC/EtOH, rt.

the ketone — in 10 [51,52]. Attempted formation of 4 by heating
a mixture of 10 and 17 in H,O at 50 °C gave a complicated
mixture of products and attempts under Dean—Stark conditions
in toluene with TsOH gave only recovered starting materials
[53].

In light of this poor result, the alternative route to 2 via
B-nitroamine 9 was investigated. A reductive nitro-Mannich
reaction between nitroalkene 18 [54] and freshly prepared imine
19 in CH,Cl, followed by rapid flash chromatography gave
B-nitroamine 20 with complete conversion and dr >95:5 [55].
As before immediate reduction with Zn/HCl gave the PMP-
protected diamine 21 in 85% yield as a single diastereoisomer
determined by 'H NMR (Scheme 5).

From a comprehensive series of examples of the reductive
nitro-Mannich reaction, the vast majority of substrates demon-
strate anti-relative stereochemistry [23,44,45]. More direct
proof for 21 was gleaned from the corresponding imidazolidine-
2-thione formed by treatment with thiophosgene to give 22
(Scheme 5). In one dimensional nOe studies irradiation of the
CHNH peak (6 3.70, 1H, dd, J = 8.4, 5.4 Hz) caused a 3.65%
enhancement of the CHN peak (5 4.31, 1H, dt, J= 7.9, 5.9 Hz),
indicating a cis-relative stereochemistry between the two

protons, which confirmed the anti-relative stereochemistry of

YNO? PP
18
* itro-Mannich
nitro-Mannic
PMP. .
b\ N02

19

21. The observed coupling constant between the same two
protons was 8.2 Hz (averaged) and was similar to other
imidazolidine-2-thiones we have prepared that have been
corroborated by single crystal X-ray crystallography [56].
Further stereochemical proof was provided by a single crystal

X-ray structure determination of 2-HCI (vide infra).

We presumed again that the primary amine of 21 would be
more nucleophilic towards a keto acid derivative 5. In order to
obtain a piperazinone of the desired connectivity (23) a keto
acid derivative would be required where the carboxylate car-
bonyl is more reactive than the ketone carbonyl. Two possible
such compounds were considered, acid chloride 12 and
carboxylic acid 11 treated with a suitable coupling agent. Acid
chloride 12 was prepared in situ by treatment of acid 11 with
oxalyl chloride (2.00 equiv) and catalytic DMF. Subsequent
reaction with diamine 21 in the presence of pyridine
(1.20 equiv) and catalytic DMAP over 24 h, according to previ-
ously reported reactions for similar keto acids [49], gave only
the bis-adduct 24 and none of the desired piperazinone 23. By
contrast, the reaction of carboxylic acid 11 with diamine 21, in
the presence of EDC (1.50 equiv) and 1-hydroxybenzotriazole
(1.50 equiv) at rt, gave the desired product 23 in good yield
(Scheme 6) [57]. The double bond geometry was assigned as Z
by NOESY 'H NMR and probably results from steric inhibi-

85%

Scheme 5: (a) Li(Et3BH), CHoCly, rt then 19, CF3CO,H, =78 °C, dr >95:5; (b) Zn, 6 M HCI, EtOAc/EtOH, rt, single diastereoisomer; (c) CSCly, aq

NaHCO3 CH,Cly/ MeOH, rt.

1739



10) C
)\)J\[(OH PP j
NH
21269%
23
32%
iBu O
N-PMP
o)
HN_ O

OI

Beilstein J. Org. Chem. 2013, 9, 1737-1744.

(e}

—_—

H
Os N6
oo 3\: ] 41% T ]
o N 5':,, A
|
)\ PMP )\

25
f

O
o
2-HCI
P
C

ZT

Scheme 6: (a) (COCI),, DMF, CH,Cly, rt; (b) 21, Py, DMAP, CH,Cl, rt; (c) EDC, HOBt, THF/CH,Cly, rt; (d) Hp (1 atm), Pd/C, MeOH, rt; () CAN,

MeCN/H50, 0 °C; (f) 4 M HCI in dioxane, MeCN/Et,0.

tion of resonance which would result in the formation of the £
iPr group and the planar amide group during formation of 23.

Reduction of the double bond with hydrogen over palladium on
charcoal gave a single diastereoisomer 25 in quantitative yield.
In one dimensional nOe studies irradiation of H-3 (6 4.09, 1H,
dd, J=9.9, 4.5 Hz) caused a 0.17% enhancement of the H-6
signal (¢ 3.18, 1H, dd, J = 10.0, 3.5 Hz) with negligible
enhancement of the H-5 signal (6 3.37, 1H, dt, J = 12.4, 3.1
Hz). Irradiation of H-5 caused a 2.90% enhancement of the H-6
signal and a 0.07% enhancement of the H-3 signal. The nOe
data tentatively suggested that protons H-3, H-5 and H-6 were
all on the same face of the molecule. Deprotection of the PMP
group with CAN gave compound 2. Extensive NMR (COSY,
HMBC and NOESY) and analytical data were consistent with
the structure drawn (2), but the 'H and 13C NMR did not match
that published for piperazirum (Table 1) [46]. The original
authors recorded their NMR data for piperazirum in D,O [58],
but our sample 2 was insoluble. Compound 2 was readily
soluble in DMSO-dg and CDCl3, but neither gave a satisfactory
match to the reported NMR data. Preparation of 2-HCI allowed

the recording of NMR spectra in D50, but again the chemical
shifts were inconsistent with those reported. Single crystal
X-ray structure determination of 2 proved unambiguously the
assigned structure obtained from spectroscopic data (Figure 1)
[59].

@™

Figure 1: X-ray crystal structure of 2-HCI.

Table 1: Comparison of selected '3C NMR chemical shifts of piperazirum, 2 and 2-HCI.

Carbon piperazirum &c (ppm) 2 ¢ (ppm) 2 ¢ (ppm) 2-HCI &¢ (ppm)

atom D20 [49] DMSO-dg CDCl3 DO

C-2 175.7 172.5 174.3 169.9

C-3 53.6 56.4 56.9 54.9

C-5 59.7 53.2 53.3 53.9

C-6 60.6 58.1 59.4 56.3
CH>C-3 40.0 41.5 411 38.8
CH,C-5 246 40.2 40.5 36.3
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Conclusion

The rapid synthesis of r-3,c-5-diisobutyl-c-6-isopropyl-
piperazin-2-one has been achieved using an efficient nitro-
Mannich reaction to establish the C-5/C-6 relative stereochem-
istry which in turn controls the formation of the stereocentre at
C-3. Spectrosocpic and single crystal X-ray data have shown
that the reported structure for piperazirum is erroneous and that
the structure of the natural product needs to be revised. While
the reported data point strongly towards piperazirum having the
same connectivity as 2, it is not clear which of the three alter-
native diastereomers corresponds to the natural product. In view
of the lack of natural material, further chemical synthesis,
guided by GIAO chemical shift prediction, is currently
underway in an effort to elucidate the correct structure for
piperazirum. In addition the determination of further biological
activity of 2 and its diastereoisomers will be investigated.

Experimental

Unless otherwise stated, all reactions were carried out under an
atmosphere of nitrogen. All glassware was flame dried and
allowed to cool under a stream of nitrogen before use. Cooling
to 0 °C was effected using an ice—water bath. Cooling to
temperatures below 0 °C was effected using dry ice—acetone
mixtures. Reactions were monitored by thin layer chromatog-
raphy (TLC) using 0.25 mm silica precoated plastic plates with
fluorescent indicator. Sheets were visualised using ultraviolet
light (254 nm) and/or anisaldehyde or KMnOy, solutions, as
appropriate. Removal of solvents (in vacuo) was achieved using
a water aspirator and rotary evaporators. Flash column chroma-
tography was performed using silica gel 60, 40-63 pm.
Commercial solvents and reagents were used as supplied or
purified in accordance with standard procedures [60]. Diethyl
ether (Et,0), tetrahydrofuran (THF), dichloromethane (CH,Cl,)
and toluene (PhMe) were obtained from a solvent tower, where
degassed solvent was passed through two columns of activated
alumina and a 7 micron filter under 4 bar pressure. All NMR
samples were made as dilute solutions of CDCIj3 unless other-
wise stated. All chemical shifts (3) are reported in parts per
million (ppm) relative to residual solvent peaks except in D,O
where they are relative to dioxane (D,0) 'H 3.75 ppm and 13C
67.2 ppm. Multiplicities for 'H coupled signals are denoted as
s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet,
m = multiplet. Coupling constants (J) are reported in Hertz. 13C
multiplicities were assigned using a DEPT sequence. Where
appropriate, HMQC, COSY, HMBC and NOE experiments
were carried out to aid assignment. Melting points are uncor-
rected.

(E)-4-Methoxy-/N-(3-methylbutylidene)aniline (19): To a
mixture of p-anisidine (123 mg, 1.00 mmol) and basic alumina
(1.00 g) in CH,Cl; (5 mL) at =78 °C was added isovaleralde-

Beilstein J. Org. Chem. 2013, 9, 1737-1744.

hyde (107 pL, 1.00 mmol) and the mixture stirred for 1 h, then
warmed to rt, filtered and evaporated in vacuo to give crude
imine 19 (182 mg, 95%) as a colourless oil that was used imme-
diately without further purification; 'H NMR (600 MHz) & 1.02
(d, J=6.7, 6H, CH3), 2.04 (sept, J = 6.7, 1H, CH(CHs),), 2.34
(dd, J=17.0, 5.4, 2H, CH,), 3.80 (s, 1H, OCH3), 6.87 (app. d, J
= 8.9, 2H, ArH), 7.02 (app. d, J = 8.9, 2H, ArH), 7.86 (t, J =
5.4, 1H, N=CH); 13C NMR (150 MHz) data were in agreement
to that reported [61].

(3R*,45*)-N*-(4-Methoxyphenyl)-2,6-dimethylheptane-3,4-
diamine (21): To a solution of nitroalkene 18 (202 mg,
2.00 mmol), in CH,Cl, (12.0 mL) was added Superhydride®
(2.20 mL, 1 M in THF, 2.20 mmol) and the mixture stirred for
15 min at rt. The mixture was cooled to —78 °C before the drop-
wise addition of a solution of freshly prepared imine 19
(564 mg, 4.00 mmol) in CH,Cl, (12.0 mL). The reaction was
stirred for 10 min before the dropwise addition of a solution of
CF3CO;H (460 pL, 6.00 mmol) in CH,Cl, (4.0 mL). The reac-
tion was stirred for 1 h and then quenched with brine (20 mL) at
—78 °C, warmed to rt and extracted with Et,O (3 x 20 mL). The
combined organics were dried (MgSO4) and evaporated in
vacuo to give crude B-nitroamine 20, that was purified by
column chromatography (petrol ether/Et,O 4:1). Subsequent
reaction with 6 M HCI (6.60 mL, 40.0 mmol) and Zn dust
(1.30 g, 20.0 mmol) and purification by flash column chroma-
tography (CH,Cl,/MeOH 10:1) gave diamine 21 (452 mg,
85%) as a brown oil; R¢ 0.50 (CH,Cl,/MeOH 10:1); IR viax
(thin film): 3374 (br, N-H), 2955 (w, C-H), 1618 (w), 1508 (s,
C=C), 1465 (m), 1441 (w), 1385 (w), 1366 (w), 1292 (w), 1238
(s), 1179 (w), 1154 (w), 1038 (m), 816 (m), 752 (s) cm |; 'H
NMR (600 MHz) 6 0.90 (d, J= 6.5, 3H, CH3), 0.92 (d, J=6.7,
3H, CH3), 0.99 (d, J = 6.6, 6H, CH3), 1.21 (m, 1H, CH,), 1.35
(m, 1H, CHy), 1.59 (m, 1H, CH(CH3);), 1.80 (m, 1H,
CH(CHj3)y), 2.53 (dd, J=9.1, 2.7, 1H, CHNH,), 3.52 (m, 1H,
CHNH), 3.73 (s, 3H, OCH3), 6.57 (app. d, J = 8.9, 2H, ArH),
6.76 (app. d, J = 8.9, 2H, ArH); '3C NMR (150 MHz) & 19.6
(CH3), 20.6 (CH3), 21.7 (CH3), 24.1 (CH3), 24.7 (CH(CH3),),
31.4 (CH(CHj3),), 37.2 (CHy), 52.9 (CHNH), 55.8 (OCH3),
59.1 (CHNH,), 114.4 (CH arom.), 115.0 (CH arom.), 142.3 (Cq
arom.), 151.6 (Cq arom.); MS (EI") m/z: 264 (M*, 5%), 192
(M* — (CH3),CHCHNH,, 100%); HRMS m/z: calcd for
Ci6H2gN»0, 264.2196; found, 264.2201.

(58*,6R*,Z)-5-Isobutyl-6-isopropyl-4-(4-methoxyphenyl)-3-
(2-methylpropylidene)piperazin-2-one (23): To a solution of
diamine 21 (61 mg, 0.23 mmol) in THF (5 mL) was added
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC, 67 mg, 0.35 mmol) and 1-hydroxybenzo-
triazole hydrate (47 mg, 0.35 mmol) followed by a solution of
keto acid 11 (30 mg, 0.23 mmol) in CH,Cl; (5 mL) at rt. The
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mixture was stirred for 24 h, then diluted with CH,Cl, (20 mL)
and washed with brine (10 mL). The combined organic phases
were dried (MgSQy), evaporated in vacuo and purified by flash
column chromatography (petrol ether/EtOAc 7:3) to give piper-
azinone 23 (57 mg, 69%) as a brown solid; mp 152—153 °C; R¢
0.30 (petrol ether/EtOAc 7:3); IR vpax (thin film): 3209 (br,
N-H), 2956 (w, C-H), 1671 (s, C=C), 1622 (s), 1499 (s), 1464
(m), 1442 (m), 1409 (m), 1384 (m), 1366 (m), 1331 (m), 1283
(m), 1241 (s), 1180 (m), 1153 (m), 1037 (m), 826 (s), 767 (m)
em!; 'TH NMR (600 MHz) § 0.68 (d, J = 6.6, 3H, CH3), 0.79
(d, J= 6.6, 3H, CH3), 0.88 (d, J = 6.6, 3H, CH3), 0.93 (d, J =
6.5, 3H, CH3), 0.95 (d, J=6.7, 3H, CH3), 1.07 (d, J= 6.5, 3H,
CHj3), 1.07 (m, 1H, CH>), 1.55 (m, 1H, CH,), 1.55 (m, 1H,
CH(CH3),), 1.94 (m, 1H, CH(CH3),), 2.43 (m, 1H, CH(CHj3),),
3.18 (dd, J = 10.3, 3.6, 1H, CHNH), 3.53 (br. d, J = 12.2, 1H,
NCHCHy), 3.76 (s, 3H, OCHj3), 5.89 (br. s, IH, NH), 6.48 (d, J
=10.6, 1H, =CH), 6.78 (app. d, J = 8.8, 2H, ArH), 6.89 (app. d,
J = 8.8, 2H, ArH); 13C NMR (150 MHz) & 17.9 (CH3), 19.4
(CH3), 20.3 (CH3), 21.5 (CH3), 22.2 (CHj3), 23.7 (CH3), 24.1
(CH(CHj),), 26.4 (CH(CHs),), 29.0 (CH(CHs),), 34.4 (CHy),
55.4 (OCH3), 58.0 (CHNH), 58.8 (NCHCH,), 114.3 (CH
arom.), 122.0 (CH arom.), 129.7 (CH=Cq), 140.0 (Cq=CH),
143.4 (Cq arom.), 154.3 (Cq arom.), 164.3 (C=0); MS (EI*) m/
z: 359 (MHY, 100%), 343 (12%), 192 (13%); HRMS m/z: calcd
for CyH35N»05, 359.2693; found, 359.2678.

(BR*,58*%,6R*)-3,5-diisobutyl-6-isopropyl-4-(4-meth-
oxyphenyl)piperazin-2-one (25): To a solution of piper-
azinone 23 (170 mg, 0.470 mmol) in MeOH (10 mL) was added
palladium on carbon (50 mg, 10% by weight, 0.047 mmol) and
the mixture was flushed with hydrogen, then stirred under a
hydrogen atmosphere (balloon) at rt. After the piperazinone
starting material was consumed (TLC, 4 h) the mixture was
filtered through celite®, washed with CH,Cl, (20 mL) and
evaporated in vacuo to give crude piperazinone that was puri-
fied by flash column chromatography (petrol ether/Me,CO 4:1)
to give piperazinone 25 (170 mg, 99%) as a colourless oil; R
0.50 (petrol ether/Me,CO 4:1); IR vy (thin film): 3207 (br,
N-H), 2954 (m, C-H), 1658 (s, C=0), 1505 (C=C), 1465 (m),
1367 (m), 1242 (s), 1180 (m), 1039 (m), 827 (m), 788 (m), 733
(m) cm™!; 'H NMR (600 MHz) & 0.70 (d, J = 6.5, 3H, CH}),
0.77 (d, J=6.7, 3H, CH3), 0.90 (d, /= 6.7, 3H, CH3), 0.97 (d, J
=6.5, 3H, CH3), 0.98 (d, J= 6.8, 3H, CH3), 1.03 (d, /= 6.5,
3H, CHj3), 1.03 (m, 1H, CHCHCH,), 1.55 (m, 1H, CHCHCH,),
1.55 (m, 1H, O=CCHCH,), 1.55 (m, 1H, CHCH(CH3),), 1.84
(m, 1H, O=CCHCH>), 1.92 (m, 1H, O=CCHCH,CH(CH3),),
2.06 (m, 1H, CHCHCH,CH(CH3),), 3.18 (dd, J = 10.0, 3.5,
1H, NHCH), 3.37 (dt, J=12.4, 3.1, 1H, NHCHCHN), 3.77 (s,
3H, OCHj;), 4.09 (dd, J = 9.9, 4.5, 1H, O=CCH), 6.02 (br. s,
1H, NH), 6.80 (app. d, J = 8.9, 2H, ArH), 6.91 (app. d, J= 8.9,
2H, ArH); 13C NMR (150 MHz) § 18.0 (CH3), 19.5 (CH3), 21.5

Beilstein J. Org. Chem. 2013, 9, 1737-1744.

(CH3), 21.6 (CH3), 23.3 (CH3), 23.4 (CHCHCH,CH(CH3),),
23.7 (CHj3), 24.7 (O=CCHCH,CH(CHj3);), 29.2
(NHCHCH(CHj3),), 34.7 (CH,CHCH), 44.0 (CH,CHC=0),
55.4 (OCH3), 57.2 (NCHC=0), 58.4 (NCHCH), 58.5 (NHCH),
114.5 (CH arom.), 122.6 (CH arom.), 146.2 (CH arom.), 154.3
(CH arom.), 173.9 (C=0); MS (EI") m/z: 360 (M*, 15%), 303
(18%), 192 (100%); HRMS m/z: calcd for CyH36N,05,
360.2771; found, 360.2774.

(3R*,558%,6R*)-3,5-diisobutyl-6-isopropylpiperazin-2-one
(2): To a solution of piperazinone 25 (320 mg, 0.880 mmol) in
MeCN (10 mL) at 0 °C was added a solution of CAN (2.08 g,
3.52 mmol) in H,O (10 mL) dropwise over 3 min. The solution
turned from pale yellow to dark orange. The mixture was stirred
at 0 °C for 2 h, over which time the solution became light
orange. Water (30 mL) was then added and the mixture
extracted with EtOAc (3 x 20 mL), washed with saturated
aqueous NaHCOj3 (40 mL), dried (MgSO,) and evaporated in
vacuo to give crude piperazinone that was purified by flash
column chromatography (petrol ether/Me,CO 3:2) to give
piperazinone 2 (91 mg, 41%) as a brown oil; R¢ 0.53 (petrol
ether/Me,CO 3:2); IR vypax (thin film): 3209 (w, N-H), 2955
(C-H), 1658 (s, C=0), 1467 (m), 1367 (m), 1165 (w), 918 (w),
722 (w) em™!; TH NMR (600 MHz, CDCl3) & 0.89 (d, J = 6.6,
3H, C-3CH,CHCH3), 0.90 (d, J = 6.2, 3H, C-5CH,CHCH}3),
0.91 (d, J = 5.6, 3H, C-6CHCH3), 0.93 (d, J = 6.9, 3H,
C-3CH,CHCH3), 0.94 (d, J = 6.8, 3H, C-5CH,CHCH3), 0.98
(d, J=6.7, 3H, C-6CHCH3), 1.30 (ddd, J = 13.9, 7.1, 6.5, 1H,
C-5CH>), 1.33 (ddd, J=13.9, 8.2, 5.6, 1H, C-5CH>), 1.40 (ddd,
J=14.2,10.0, 4.1, 1H, C-3CH;), 1.65 (nonet, J = 6.7, 1H,
C-5CH,CH), 1.74 (m, 1H, C-3CH,CH), 1.88 (ddd, J = 13.7,
10.3, 3.3, 1H, C-3CH>), 1.91 (hepd, J = 6.8, 2.5, 1H, C-6CH),
3.06 (dd, J = 6.7, 3.6, 1H, C-6H), 3.15 (dt, J = 7.8, 5.3, 1H,
C-5H), 3.40 (dd, J=10.2, 3.4, 1H, C-3H), 6.22 (brs, 1H, N'H),
N*H peak is missing; '3C NMR (125 MHz, CDCl3) 8§ 17.7
(C-6CHCH3), 21.0 (C-3CH,CHCH3), 21.5 (C-5CH,CHCH3),
22.4 (C-6CHCHj3), 23.1 and 23.7 (C-3CH,CHCH3/
C-5CH,CHCH3), 24.4 (C-3CH,CH), 24.8 (C-5CH,CH), 27.9
(C-6CH), 40.5 (C-5CH,), 41.1 (C-3CHj,), 53.3 (C-5), 57.0
(C-3), 59.4 (C-6), 174.2 (C=0); MS (EI*) m/z: 254 (M*, 30%),
197 (22%), 169 (43%), 154 (31%); HRMS m/z: calcd for
C15H30N20, 254.2353; found, 254.2355.

TH NMR (600 MHz, DMSO-d;) & 0.83-0.89 (m, 18H, 6xMe),
1.25 (m, 3H, C-3CH, + 2xC-5CH,), 1.65 (m, 2H, C-3CH,CH +
C-5CH,CH), 1.79 (m, 2H, C-3CH, + C-6CH), 2.90 (brd, J =
3.2, 1H, C-6H), 3.01 (td, J=7.1, 3.7, 1H, C-5H), 3.21 (dd, J =
9.3,3.2, 1H, C-3H), 7.63 (brs, 1H, NH). Assignments based on
above; 13C NMR (125 MHz, DMSO-dy) & 18.4, 21.5, 22.0,
22.8,23.0, 23.8, 23.9, 24.2, 27.4, 40.2, 41.5, 53.2, 56.4, 58.1,
172.5.
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In a clean vial HCI in dioxane (~1 equiv) was added to a small
sample of 2 in MeCN, the mixture layered with Et;O and then
left in the fridge until colourless blades of 2-HCl had formed at
the interface. mp 121-123 °C. 'H NMR (600 MHz, D,0) &
0.89-0.99 (6xMe), 1.52-1.68 (m, 4H), 1.72-1.79 (m, 1H),
1.94-1.99 (m, 2H), 3.50 (dd, J = 6.2, 4.3, 1H, C-6H), 3.79 (m,
1H, C-5H), 4.01 (dd, J = 8.3, 5.3, 1H, C-3H); '3C NMR (150
MHz, D,0) 6 18.8, 20.6, 21.3, 22.0, 22.5,24.2,24.7,25.7, 27 4,
36.3, 38.8, 53.9, 54.9, 56.3, 169.9 (C=0).

Supporting Information

Supporting Information File 1

Further experimental and characterisation data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-200-S1.pdf]
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At least 65% of all small molecule drugs on the market today are natural products, however, re-isolation of previously identified

and characterized compounds has become a serious impediment to the discovery of new bioactive natural products. Here, genetic

knockout of an unusual non-ribosomal peptide synthetase (NRPS) C-PCP-C module, azid2, is performed resulting in the accumula-

tion of the secondary metabolite, dimethyl furan-2,4-dicarboxylate. The cryptic metabolite represents the first non-azinomycin

related compound to be isolated and characterized from the soil bacterium, S. sahachiroi. The results from this study suggest that

abolishing production of otherwise predominant natural products through genetic knockout may constitute a means to “activate” the

production of novel secondary metabolites that would otherwise lay dormant within microbial genome sequences.

Findings

It has become increasingly apparent that microbial diversity in
nature far exceeds that reflected in laboratory strain collections.
The advent of microbial genomics and the availability of
published genome sequences suggest, that as much as 90% of
the chemical potential of these organisms remain “silent” within
the genome [1,2]. While the biosynthetic machinery appears
functional, the genetic loci are frequently (but not always) unex-

pressed. The activation of such pathways has garnered interest
from the scientific community. Quorum sensing refers to the
process by which microorganisms communicate (within a single
bacterial species or between diverse species) and alter their gene
expression through production of certain signaling molecules
[3]. In this regard, the culturing of microbial communities or the

co-culture of two specific microbial organisms has been
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successfully implemented to “activate” secondary metabolite
production [4,5]. In some instances, shot-gun cloning and
expression of soil samples and bacterial symbiont genomes
have led to the discovery of a representative set of natural prod-
ucts and enzymes, albeit typically of small biosynthetic path-
ways (less than 10 kb) [6,7]. Direct manipulation, “induced”
biosynthetic activation, of a sequenced cluster has also met with
some success. The Aspergillus nidulans genome was mined for
cryptic orphan gene clusters from which a single, unexpressed
PKS-NRPS hybrid was identified. The expression of the gene
cluster was activated by the ectopic expression of a specific
regulatory gene, apdR, resulting in the production of the aspyri-
dones [8]. Sometimes, a cryptic pathway is fully expressed and
has simply gone unnoticed. In this regard, a genome-isotopic
approach has proven useful where stable isotope-labeled puta-
tive precursors of the orphan pathway are fed to the organism
and used to screen extracts of the fermentation broth, to iden-
tify metabolites containing the labeled precursors [9,10].

Here, we have carried out a functional knockout of azi42 within
the azinomycin gene cluster of Streptomyces sahachiroi
[11,12]. The gene encodes a NRPS (non-ribosomal peptide
synthetase, an enzyme involved in the biosynthesis of various
peptide containing secondary metabolites) module of unusual
domain architecture consisting of condensation, peptidyl carrier
protein, and condensation domains (C-PCP-C), respectively.
Gene inactivation led to the abolishment of azinomycin produc-
tion, confirming the involvement of azi42 in the biosynthesis of
the antitumor agent [11,13] and also led to overproduction of a
compound, dimethyl furan-2,4-dicarboxylate. The metabolite
represents one of many cryptic pathway metabolites from the
S. sahachiroi genome and is the first non-azinomycin related
compound to be isolated from the S. sahachiroi strain
(Figure 1). Previously isolated metabolites consisted of azino-

29
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mycin intermediates lacking the 1-azabicyclo[3.1.0] ring
system, including naphthoate and naphthoate epoxide deriva-
tives [11].

The aziA2 disruption construct (pKC-AziA2) was generated by
replacing the mid-portion (1500 bp) of the gene with a thio-
strepton resistance marker within the vector pKC1139. The
plasmid was introduced into S. sahachiroi by conjugal transfor-
mation. Single crossover mutants were initially selected by
culturing the strain on both apramycin and thiostrepton MS-agar
plates. The double crossover mutants were subsequently gener-
ated from the single crossover mutants by growing the colonies
on MS-agar plates in the presence of only thiostrepton antibi-
otic, resulting in the occurrence of double crossover events. The
S. sahachiroi/AaziA2 disruptants were confirmed by PCR and
Southern hybridization of thiostrepton resistant and apramycin
sensitive colonies. Direct comparison of HPLC profiles of the
wild-type and dazid42 crude organic extracts were striking
(Figure 2). The 4azi4A2 mutant gave a single major peak.
3-Methoxy-5-methyl-1-naphthoic acid was detected in trace
amounts (suggesting that the metabolite is released in solution
from the PKS and not directly transferred to that of a subse-
quent NRPS module) and complete abolishment of the azino-
mycins was observed. The production of the naphthoic acid
derivative and lack of azinomycin production confirms the
involvement of azi42 (C-PCP-C NRPS module) in azinomycin
biosynthesis; given the unique domain architecture of this
module, this is a significant finding as non-functional NRPS
modules have been found imbedded in certain gene clusters
[14].

Structural characterization of the major metabolite was carried

out using LC-MS analysis and 1D and 2D cryoprobe NMR
spectroscopy (data provided in Supporting Information File 1).

-e

dlmethyl furan-2,4-dicarboxylate

I Ga— ) (am— e R

Tsr’

aziA2—Disrupted Azinomycin Gene Cluster

Figure 1: Schematic diagram illustrating the phenotypic effects arising through deletion of the aziA2 gene.
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Figure 2: HPLC profiles of (A) S. sahachiroi wild-type and (B) AaziA2 crude organic extracts.

The molecular formula was established as CgHgO5 based upon
a molecular ion peak observed by LC-APCIMS at m/z
185.0453 [M + H]* and GC-MS. The GC-MS fragmentation of
the compound matched that provided in the Ultra GC-DSQ
(ThermoElectron, Waltham, MA) GC-MS database. The struc-
ture of the compound was determined by NMR analysis in
CDClj (Table 1). The presence of two O-CHj groups at C-2°

(8¢ 51.99, 8y 3.94) and C-2” (8. 52.31, 6y 3.88) and double
bonds in the aromatic ring at C-3 (6. 117.07, dy 7.49, d,
J=0.811) and C5 (5, 150.14 oy 8.14, d, J = 0.845) were
observed by '"H NMR, DEPT, HMQC and HMBC. C-1” (§,
158.53), C-2 (5. 145.44), C-5 (5. 150.14) and C-1" (5. 162.34)
signals were detected by '3C NMR (Table 1). The data identi-
fied the compound as dimethyl furan-2,4-dicarboxylate, which
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has been previously observed in microbial head-space or vapor
phase extracts and its structure determined through chemical
synthesis [15]. The biosynthetic origin of dimethyl furan-2,4-
dicarboxylate could be polyketide derived where the furan ring
system could be envisioned to form through nucleophilic attack
of an epoxide as in the case with monensin and other similar
natural products [16]. Alternatively, the biosynthesis might
involve the dimerization of pyruvate [17-19]. Examination of a
draft genome sequence of the S. sahachiroi strain has impli-
cated a pyruvate aldolase and methyltransferase containing gene
cluster as well as potential polyketide gene clusters containing
methyltransferase genes, which will be evaluated in due course
through genetic knockout experiments of the 4azi42 mutant
strain.

Table 1: 13C NMR (5¢) and "H NMR (3, J in Hz) 500 MHz spectro-
scopic data in CDCl3.

Position &8¢ Oy (Jin Hz) HMBC (H—C)
1

2 145.44, CO

3 117.07, CH 7.49,(0.811)d 2,4,5,1”

4 120.96, C

5 150.14, CH 8.14,(0.845)d 2,34,1

1 162.34,C

1” 158.53, C

2 51.99, CH3 3.94,s 17

2’ 52.32, CH3 3.88,s 1

Disruption of the azi42 gene gave overproduction of the cryptic
metabolite dimethyl furan-2,4-dicarboxylate and led to
complete abolishment of azinomycin production. It is the first
non-azinomycin related metabolite to be reported from the
S. sahachiroi strain, a microorganism that has been mined for
its natural product constituents since 1954 [20]. These results
demonstrate that while some disruption strains will certainly be
more easily characterized than others, the act of simply inacti-
vating genes from highly expressed or represented biosynthetic
gene clusters can be a useful strategy toward revealing or
unmasking novel natural products or cryptic metabolites for
subsequent isolation and characterization. Secondary metabo-
lite production by microorganisms is often viewed as a line of

defense against competing microbes for nutrients. Natural prod-

Beilstein J. Org. Chem. 2013, 9, 1768-1773.

ucts like azinomycin, a DNA crosslinking agent, can offer a
means of protection to the producing organism. It is tempting to
speculate that when biosynthetic pathways of these metabolites
are inactivated, the microorganism begins to adapt and evolve
in an effort to develop new self defense mechanisms. Such
adaptations (which may or may not be immediately useful to the
host) can lead to the production of new metabolites such as
dimethyl furan-2,4-dicarboxylate.

Experimental

DNA manipulation and methods

Conventional recombinant DNA techniques were utilized for
plasmid and genomic DNA isolation, restriction enzyme diges-
tion, agarose gel electrophoresis, and DNA ligations [21]. DNA
sequencing was performed using ABI BigDye chemistry at the
Gene Technologies Lab, Texas A&M University. The
computer-based analysis and comparisons of nucleotide and
protein sequences were performed with BLAST, FASTA,
CLUSTALW and GENEDOC programs. See Supporting Infor-
mation File 1 for details on bacterial strains, plasmids, PCR

primer sequences, and bacterial culture conditions.

Construction of disruption plasmid pKCAziA2
Disruption of azi4A2 was performed using a homologous recom-
bination approach with pKC1139. PCR with primer pairs
aziA2UF/aziA2UR and aziA2DF/aziA2DR was utilized to
generate a 930 bp upstream fragment and 923 bp downstream
fragment relative to azidA2. Amplification was carried out as
follows: initial denaturation at 98 °C for 30 s; 30 total cycles of
denaturation for 10 s; annealing at 66.4 °C for aziA2UF/
aziA2UR and 62 °C for aziA2DF/aziA2DR for 40 s; polymer-
ization at 72 °C for 60 s and finally gap filing at 72 °C for
10 min. The amplified DNA fragment of azia2-U was digested
with Hindll1/Xbal (azia2-U) and Xbal/EcoRI (azia2-D) and
cloned into the corresponding sites of pKC1139, resulting in
pKCA2UD. pKCA2UD was digested with Xbal and ligated
with the thiostrepton-resistance gene (1056 bp), which was
amplified with TsrF/TsrR primers using the same amplification
condition as detailed for aziA2DF/aziA2DR, to give the final
disruption recombinant plasmid pKC-AziA2, where azid?2 is
replaced by tsr” in-frame.

Conjugal transformation with plasmid
pKCAZziA2

pKC-AziA2 was transformed into E. coli S-17, a donor host and
subsequently transferred into wild type, S. sahachiroi by
conjugal transformation, as described by Kieser et al. (with
some modification) [22] for deletion with a replicative plasmid
as mediated by homologous recombination. From an overnight
5 mL culture of E. coli donor strain, 100 pL was transferred
into 100 mL fresh LB medium and cultured for 4 h. The cells at
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0OD600 0.6 were harvested, washed twice and solubilized in
500 pL of 2xYT medium. Spores of S. sahachiroi were
prepared in MS agar plates and collected after one week. Spores
were washed, heat shocked at 70 °C for 10 min and incubated at
37 °C for 4 h. Following incubation, they were washed and
resuspended in 500 pL of 2xYT medium. These recipient cells
were mixed with an equal volume of E. coli donor cells and
200 pL of the mixture were plated on MS-agar plates. The
plates were incubated at 30 °C for 18 h, and overlayed with
1 mL water containing nalidixic acid (500 pg), to inhibit the
growth of E. coli, and apramycin (25 ug) to select S. sahachiroi
exconjugants. Incubation at 30 °C was continued for 68 days
to allow growth of the exconjugants. Apramycin exconjugants
were screened for several generations until the exconjugants
were found to be apramycin sensitive and thiostrepton resistant
to detect the double crossover allelic exchange. For further
confirmation of deletion of azi42 from S. sahachiroi, genomic
DNA was isolated from both S. sahachiroi wild-type and azid2
knockout strains (S. sahachiroi/4aziA2) and PCR performed.
The AziA2UF/TsrR and TsrF/AziA2DR primer set was
utilized: initial denaturation at 98 °C for 30 s; 30 total cycles of
denaturation for 10 s; annealing at 64.5 °C for 40 s; polymeriza-
tion at 72 °C for 60 s and finally gap filing at 72 °C for 10 min.
Southern hybridization was carried out following standard pro-
cedures [21] with a radioactive 32P-ATP labeled probe. The
probe was generated through PCR amplification using the azid2
probe-F/aziA2 Probe R set of primers and following the same
PCR condition as detailed above.

Fermentation and analysis of secondary
metabolites

Fermentation was carried out in 10 L following established pro-
cedures [23]. After 72 h of incubation, the culture broth was
centrifuged and the supernatant extracted with dichloromethane
(2x the volume of the medium). The organics were concen-
trated in vacuo and analyzed by reversed-phase HPLC. The
column, Phenomenex, Columbus 5u C8 100A (250 x 3.20 mm
5 p) was equilibrated with 10% of A (75% MeOH/25%
isopropanol) and 90% of B (water) and run with the following
program: Time 0 min A-10%; 1 min A-10%; 5 min A-35%;
14 min A-95%; 15 min A-95%; 20 min A-10%; 25 min A-10%;
60 min A-100%. This was carried out at a flow rate of
0.75 mL/min in 254 nm UV. The same program was used for
LC-APCI analysis. For GC-MS analysis, the sample was
diluted 1:10 in DCM and was performed on an Ultra GC/DSQ
(ThermoElectron, Waltham, MA). A Rxi-5ms gas chromato-
graphic column was utilized with dimensions of 60 m length,
0.25 mm i.d., and 0.25 pm film thickness (Restek; Bellefonte,
PA). Helium was implemented as a carrier gas at a constant
flow rate of 1.5 mL/min. The transfer line and ion source were

held at 250 °C. The column temperature was maintained at

Beilstein J. Org. Chem. 2013, 9, 1768-1773.

50 °C for 5 min then raised to 320 °C for 20 °C/min. Mass
spectra were acquired in full scan mode in the range of
30-500 m/z.

Cryoprobe NMR analysis

NMR spectra were acquired on a Bruker Avance III 500 MHz
instrument at 25 °C, equipped with a 5 mm H-C—N cryoprobe.
The sample was dissolved in 125 pL CDCljz and contained in a
3 mm wilmad 335 pp NMR tube. Proton, carbon, Dept 90, Dept
135, HMQC and HMBC spectra were recorded. A 30° observe
pulse was used to acquire the 'H NMR spectrum, while a 45°
pulse was used to obtain the 13C NMR spectrum.

Supporting Information

Supporting Information File 1

Details on genetic knockout, Southern blot analysis,
LC-MS analysis and NMR data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-205-S1.pdf]
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A chemical library of carboxamide-substituted tetramates designed by analogy with antibacterial natural products, a method for

their rapid construction, and the evaluation of their antibacterial activity is reported.

Introduction

The discovery of new antibiotic families with novel modes of
action is a promising way to overcome resistant or virulent
bacteria, since novel modes of action might be expected to slow
target-based endogenous resistance [1]. In this regard, natural
products play a major role by providing a biologically validated
starting point [2]. Recently discovered antibiotic lead com-
pounds of major interest include platensimycin (a FabF
inhibitor) [3], R207910 (an ATP synthase inhibitor) [4] and
moiramide B (a bacterial acetyl-CoA carboxylase inhibitor) [5].
Both natural 3-acyltetramic acids, for example streptolydigin 1a
(bacterial RNA polymerase (RNAP) inhibitory activity) [6] and
kibdelomycin 1b (bacterial type II topoisomerase inhibitory
activity) [7] and unnatural systems, such as 3-carboxamide
tetramic acid 1c¢ and 3-carboxamide piperidine-2,4-dione 1d

(undecaprenyl pyrophosphate synthase (UPPS) inhibitory

activity) [8] exhibit high levels of antibacterial activity
(Figure 1). All these systems share a 3-dicarbonyl core. A drug
discovery programme inspired by these natural products, as
promoted by Waldmann [9], was of interest to us. We have
recently focused on the construction and evaluation of libraries
derived from tetramic acid scaffolds and discovered that
bicyclic 3-carboxamide 1e, bicyclic 3-acyl 1f and monocyclic
3-acyl 1g exhibit a dual targeting ability at RNAP and UPPS,
while 3-acyl piperidine-2,4-dione 1h only targets UPPS [10].
Although tetramates are well-known as a core component in
many natural products that continue to excite interest [11-14],
we carried out a more detailed study of the synthesis,
tautomeric behaviour and antibiotic activity of related mono-
cyclic 3-carboxamide tetramic acid systems 2 and 3

(Schemes 1-3), the results of which are outlined below. In
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Figure 1: Some antibiotic natural and unnatural tetramic acids.
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Scheme 1: Synthesis of simple 3-carboxamide tetramic acids. Reaction conditions: (a) triethylamine (2.0 equiv), 1-bromohexane (0.5 equiv), EtOH,
reflux; (b) monoethyl malonate (1.1 equiv), DCC (1.1 equiv), CHxCl, rt; (c) NaOMe (1.1 equiv), benzene, EtOH, reflux; (d) RNH2 (1.0 equiv), toluene,

reflux.

system 2, the N(1) and C(5) substituents were chosen in order to
probe the effect of the length of the N-alkyl chain on antibiotic
activity. The substituents of system 3 were chosen in order to
probe the effect of a C(3) substituent containing a sulfur
heteroatom, which we had earlier seen results in enhanced
antibacterial activity compared with the oxygen counterpart
[10], for two types of amide substituent and a range of C(3)

carboxamides.

Results and Discussion
Synthesis

The synthesis of the required tetramic acid systems 2a—g
(Scheme 1), 2h (Scheme 2) and 3a—f (Scheme 3) was achieved
by Dieckmann cyclisation of the required N-alkyl-N-malonyl
glycine (readily prepared from glycine). A similar strategy for
the base-mediated cyclisation of N-acetoacetylamino acid esters

leading to 3-acetyltetramates has been reported, which give
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Scheme 2: Synthesis of N-alkyl 3-carboxamide tetramic acid. Reaction conditions: (a) 1. glycine methyl ester-HCI (1.0 equiv), EtsN (1.2 equiv),
MgSQy4 (2.0 equiv), THF, rt. 2. NaBH4 (2.0 equiv), MeOH, rt; (b) ethyl malonyl chloride (1.05 equiv), EtsN (1.2 equiv), CH,Cl, rt; (c) KOt-Bu (1.1
equiv), THF, reflux; (d) amine (1.0 equiv), toluene, reflux; (e) butyl chloroformate (1.2 equiv), DMAP (2.2 equiv), CH,Cly, rt.

8a; R=Me
8b; R = c-hex

9a; R = Me; 94%
9b; R = c-hex; 92%

Yield (%)

3a;R' = )\O/\/g‘\ R =c-hex 45

3b; R = QE— R=c-hex 52

3¢;R'= ><>{; R=Me 64

3d;R' = R=Me 58
EN

3¢;R'= \N@g_ R=Me 63
/

3R'=0 N - R=Me 60
N

Scheme 3: Synthesis of C(5)-alkyl 3-carboxamide tetramic acids. Reaction conditions: (a) butyl chloroformate (1.2 equiv), DMAP (2.2 equiv), CH,Cly,

rt; (b) RNH3 (1.0 equiv), toluene, reflux.

N-H rather than N-alkyl systems [15-17]. Tetramate 7 was
obtained from amino acid 6, except that the key intermediate 5
was obtained by reductive amination (Scheme 2) of (R)-
citronellal (4), which although proceeding in poor yield gave
enough material with which to proceed [18]. By contrast,
N-acyl derivatives could not be easily prepared by an equiva-
lent approach because of the difficulty of a controlled double
acylation on N(1). Although the synthesis of N-acetyl 3-alkoxy-
carbonyls from N-hydroxysuccinimide esters of N-acetylamino
acids has been reported [19], we wished to exploit an alter-

native approach based upon C-acyloxylation of enolates fol-

lowed by amine exchange, which had been shown to be very
effective in a pyroglutamate series, since it offered synthetic
simplicity and the potential for generality [20,21]. We found
that an approach based upon direct acylation of methyl
thioethers 8a,b (these were readily obtained from the required
N-acylmethionine by DCC/DMAP coupling with Meldrum’s
acid and cyclisation under reflux) was possible, which made use
of the high acidity of the tetramate system. Thus, conversion to
the n-butyloxycarbonyl derivatives N-acyl 9a,b by using
1.2 equivalents of butyl chloroformate along with 2.2 equiva-

lents of 4-(dimethylamino)pyridine (DMAP) proceeded in good
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yields (over 90%) (Scheme 3) [10]. With the 3-alkoxycarbonyl
tetramic acid core systems 7 and 9 in hand, conversion to
3-carboxamides 2a—g and 3a—f by direct ester—amide exchange
under reflux in toluene was readily achieved, providing access
to a range of amides in good to excellent yield (Schemes 1-3).
This process neatly complements a strategy we had earlier used
for the introduction of amine substituents in pyroglutamates by

a conjugate addition of amines [22].

Tautomerism

Tautomerism in tricarbonyl 3-acyltetramate systems is known
to be complex and strongly dependent on the identity of the side
chain acyl group [23]. 3-Acyl (X = CH>) [10,24,25], 3-carbox-
amide (X = NH) [8,10] and 3-alkoxycarbonyl (X = O) tetramic
acids (Figure 2) have been found to exist as a pair of external
conformers (AB and CD) in slow equilibrium (AB=<=CD), each
consisting of a pair of internal tautomers in rapid equilibrium
(A==B and C==D). The tautomerisation of 3-acyltetramic
acids has been shown to be mainly affected by substitution on
N(1) rather than the functionalities on the 3-acyl and C(5) posi-
tions. Thus, the dominant tautomer of N-unsubstituted and
N-alkyltetramates is D, while N-acyltetramates exist as a mix-
ture of external tautomers AB and D in approximately equal
ratio [23]. By contrast, it was found that the tautomerisation of
3-carboxamides and 3-alkoxycarbonyls was not affected by
substitution on N(1). Therefore, the dominant tautomer of
3-carboxamide tetramates is tautomer A (over 80%) with a
minor contribution of tautomer D, while 3-alkoxycarbonyltetra-
mates exist as only tautomer A (>99%). In order to understand
this phenomenon, the ground state energy of simplified
3-carboxamides 11a,b and 3-alkoxycarbonyls 12a,b was calcu-
lated and compared with that of 3-acyl derivatives 10a,b

RZ  oH R o-H
X o) X \ 0
0™y 0™

R R
A ” B
R? R?
X X
0 0
0o — H \ 0
H, 7
0™y 0™y
R R
c
X = CH,, NH, O

Figure 2: Tautomerism of tetramates.

Beilstein J. Org. Chem. 2013, 9, 1899-1906.

(Table 1). To the best of our knowledge, such a detailed
analysis has not been previously reported. In the calculation for
N-alkyl 3-acyltetramate 10a, the ground-state energies of
tautomers B and D, which shows preference for tautomer D, is
considerably lower than those of tautomers A and C. This
outcome supports experimental NMR observations (>80% of
tautomer D and <20% of tautomer B, Table 1, entry 1). On the
other hand, the ground state energy of tautomer C of N-acyl 10b
is considerably higher than that of tautomers A, B and D, also
supporting the NMR observations (tautomer AB:D = about
50:50, Table 1, entry 2). However, tautomer A of 3-carboxam-
ides was the most stable for both of N-alkyl tetramate 11a and
N-acyl tetramate 11b (>80% of tautomer A and <20% of
tautomer D, Table 1, entry 3 and entry 4), while for 3-alkoxy-
carbonyltetramates 12a,b, tautomer A was the most stable, and
significantly more stable than tautomers B—D. These finding
support the conclusion that 3-alkoxycarbonyls exist only as
tautomer A (Table 1, entry 5 and entry 6).

Table 1: Calculated energy of the ground state of 3-acyltetramic acids
10a,b, 3-carboxamide tetramic acids 11a,b and 3-alkoxycarbonyl
tetramic acids 12a,b.

N\ OH N OH
HO \ 0 HN 0 (0] e}
o oy o
R R R
10a; R=Me 11a; R = Me 12a; R = Me
10b; R = Acetyl 11b; R = Acetyl 12b; R = Acetyl
Entry  Compound Calcd relative energy (kcal/mol)@.
Form A FormB Form C Form D
1 10a +4.16  +1.61 +4.30 0
2 10b® +1.59 +0.17 +5.62 0
3 11a -0.51 +042 +1.74 0
4 11b -0.91 -0.15 +3.82 0
5 12a -3.58 +1.75 -1.41 0
6 12b -6.24 -0.64 +3.20 0

8The energy difference between each tautomer related to tautomer D.
bCalculated by using DFT B3LYP (6-31G*) in Spartan 02. Reported in
our previous paper [10].

Antibacterial activity

The antibiotic activities of tetramates 2a—h and 3a—f along with
analogues 1c¢ and 1d (reported by Novartis [8]) were deter-
mined against 4 species of Gram-positive bacteria, consisting of
4 strains of Staphylococcus aureus, including a methicillin-
resistant strain (MRSA, S2), vancomycin susceptible Entero-
coccus faecalis (VSE, E1), vancomycin resistant E. faecium

(VanA VRE, E2)), and 2 strains of Streptococcus pneumoniae,
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including multi-drug resistant strain (MDRSP, P9), as well
as 3 species of Gram-negative bacteria, consisting of
Pseudomonas aeruginosa and 2 strains of Haemophilus
influenzae, including an efflux-negative strain, and 2 strains of
Escherichia coli, including an efflux-negative strain (Table 2).
Relevant physicochemical properties of the analogues are
also shown in Table 3. These were used to elaborate
structure—activity relationships (SAR) [26]. In the assay against
Gram-negative bacteria, no activity against E. coli and P.
aeruginosa was found (MIC > 64 pg/mL, data not shown),
consistent with the inactivity of 3-acyl and 3-carboxamide
tetramic acids against these strains seen earlier [7,8,10]. This
result is most likely explained by their poor cell permeability as
a result of their hydrophobic character [14,27]. However, activi-
ties against another Gram-negative bacterium, H. influenzae,
were found, the magnitude of which depended on the
substituent. An SAR consistent with transportation by the efflux
pump was found [28]. Analogues 2e,h and 1c,d, for which
activity differences between efflux-positive (H3) and negative
(H4) H. influenza strains are large, are more lipophilic
compared with other active analogues (rel-PSA < 13.5, c log P

Table 2: In vitro antibiotic activity (MIC, ug/mL) of tetramic acids.2.P

S1 S26 S4 S2 E1
2a° 4 8 8 8 8
2b° 1 1 1 2 2
2c° 8 8 8 8 8
2d° 2 2 2 2 2
2e® 2 16 16 16 8
2f >64 >64 >64 >64 >64
2g 8 8 8 8 16
2h 2 2 2 2 2
3a >64 >64 32 >64 16
3b 4 8 2 8 1
3c 8 32 32 16 8
3d 8 64 32 32 8
3e >64 >64 >64 >64 >64
3f >64 >64 >64 >64 >64
1cC 0.1 0.12 1 64 <0.1
1d 8 64 32 64 32
Line® 2 2 2 2 2
Cip 0.1 0.5 0.12 16 1
Amox _d _d _d _d _d
Caz 8 16 16 -d -d

Beilstein J. Org. Chem. 2013, 9, 1899-1906.

>2.79 and c log D (7.4) > 1.41). On the other hand, analogues 2
and 3 show a broad-spectrum activity against Gram-positive
bacteria, although the activity depends on the substituent identi-
ties. Importantly, the variation of antibacterial activity for
analogues 2 and 3 was less pronounced in the resistant strains
MRSA, VRE and MDRSP (normally less than 8 times varia-
tion, with the exception of analogues 2e and 3b), while the
activities of Novartis analogue 1¢ against MRSA [8], amoxi-
cillin against MDRSP and ciprofloxacin against MRSA and
VRE were significantly lower (more than 250 times compared
with the activity against the most sensitive strain). Among the
various substituent groups, N-alkyl phenyl derivatives 2a,b,h
were active, while N-acetyl phenyl derivatives 3e.f were inac-
tive or only very weakly active. This SAR might be accounted
for by their physicochemical properties: the less lipophilic char-
acter of N-acetyl 3e,f (rel-PSA > 17.0%, c log P < 0.80 and
¢ log D (7.4) <—1.20) compared with those of N-alkyl 2a,b,h
(rel-PSA < 15.0%, c log P > 1.77 and c log D (7.4) > 0.41)
might make penetration of the bacterial cell membrane more
difficult. However, 3-carboxamides 2¢—g and 3a-d, all

possessing alkyl substituents, including a benzyl group on the

E2 P1 P9 P9B H3 H4
8 16 8 32 16 4
4 4 4 —d 2 0.5
8 16 8 8 4 0.25
2 4 1 4 1 0.12

0.5 4 1 4 >64 <0.1

>64 16 8 16 >64 >64
8 64 16 8 4 0.25
2 8 4 >64 >64 8

16 8 8 8 >64 >64
2 0.5 0.5 0.5 8 1
16 8 8 8 32 4
16 8 8 4 64 4

>64 64 64 64 >64 64
>64 >64 >64 >64 >64 >64
<0.1 2 2 2 >64 0.5

64 64 >64 >64 16

2 1 0.5 0.5 16 4

32 1 1 1 0.5 <0.1
_d >0.03 8 —d —_d —d
_d _d _d _d _d _d

@Abbreviation; S1; S. aureus 1, ATCC13709 in vivo (methicillin sensitive), S26; S. aureus 26, ATCC25923 (vancomycin susceptible), S4; S. aureus 4,
Oxford, 82; S. aureus 2, (MRSA in vivo), E1; E. faecalis 1, ATCC29212 VanS (vancomycin susceptible), E2; E. faecium 1, VanA (vancomycin resis-
tant), P1; S. pneumonia 1, ATCC49619 (erythromycin susceptible), P9; S. pneumonia 9, (multi-drug resistant), P9B; S. pneumonia 9 in presence of
2.5% horse blood, H3; H. influenzae 3, ATCC31517 MMSA, H4; H. influenzae 4, LS2 Efflux knock out, Line; linezolid, Cip; ciprofloxacin, Amox;
amoxicillin, Caz; ceftazidime. PAll analogues are inactive (MIC > 64 pg/mL) against E. coli 1, ATCC25922 (non pathogenic strain), E. coli 50, Ec49 No
efflux and P. aeruginosa 1, ATCC27853. °The activity was reported in our previous publication [10]. dNot determined.

1903



Table 3: Physicochemical properties of 3-carboxamide tetramic acids.?:

Beilstein J. Org. Chem. 2013, 9, 1899-1906.

MW MSA PSA rel-PSA clogP  clogD(7.4)  HD/MHA RB
2a¢ 387 599 82.1 13.7 1.77 0.41 2/5 8
2b° 302 462 69.6 15.1 1.85 0.64 2/3 7
2c¢ 308 509 69.6 13.7 1.28 -0.15 2/3 7
2d° 310 540 69.6 12.9 1.69 0.23 2/3 11
2e¢ 353 632 69.6 11.0 2.88 1.42 2/3 14
2f 395 725 69.6 9.6 4.07 2.61 2/3 17
2g 316 492 69.6 14.1 1.47 -0.04 2/3 8
2h 442 691 82.1 11.9 2.79 1.41 2/5 9
3a 427 662 95.9 14.5 0.90 -1.32 2/5 10
3b 409 613 86.7 14.1 1.84 -0.19 2/4 6
3c 371 590 86.7 14.7 0.84 -1.13 2/4 7
3d 383 586 86.7 14.8 1.06 -0.96 2/4 5
3e 377 530 90.0 17.0 0.80 -1.20 2/5 6
3f 419 577 99.2 17.2 0.46 -1.54 2/6 6
1c 390 568 69.6 12.3 3.51 2.03 2/3 5
1d 405 591 78.4 13.3 3.63 2.96 3/3 5

aMW; molecular weight, MSA; molecular surface area, PSA; polar surface area, %PAS; relative polar surface area = (PSA/MSA) x 100, c log P;
calculated partition coefficient, c log D (7.4); calculated distribution coefficient at pH 7.4, HD; hydrogen-bond donor count, HA; hydrogen-bond
acceptor count, RB; rotatable bond count. PTautomer A was selected for the calculation. °Reported in our previous publication [10].

amide function, are also active to Gram-positive strains.
Furthermore, the activities of n-alkyl 2d—f depended on the
chain length, with a marked drop-off in activity for the longer
chain 2f. In addition, the activity of the more lipophilic
analogues 2a,d—f,h (PSA <13.7%, ¢ log P> 1.69 and ¢ log D
(7.4) > 0.23) in the presence of 2.5% horse blood was shifted to
high MICs even though that of less lipophilic analogues 2¢,g
and 3a—e (PSA > 13.7%, c log P < 1.84 and c log D (7.4) <
—0.04) was maintained. This serum-protein binding signifi-

Table 4: Antibiotic activity of tetramic acid 2b.2

cantly affected the activity against S. aureus S26, since almost
all analogues showed inactivity (MIC > 64 pg/mL) in the pres-
ence of 10% human serum with the exception of 2a (32 pg/mL)
and 2b (64 pg/mL) (data not shown).

After screening to find the most active compound, tetramate 2b
was selected for a detailed investigation and its antibiotic
activity against various drug-resistant strains was further evalu-

ated with reference antibiotics (Table 4). Tetramate 2b was

Strains Phenotype MIC (ug/mL)

2b Moxi Amox Ery Vanco Caz

S. pneumoniae Pn7 EryR 2 0.125 4 16 0.25 -¢
S. pneumoniae Pn10 PenR, EryR 2 0.125 4 >32 0.5 -C
S. pneumoniae Pn11 PenR 2 0.125 4 <0.03 0.25 -c
S. pneumoniae Pn19 EryR 2 0.06 0.06 >32 0.5 -C
S. pneumoniae Pn21 EryR 2 0.06 0.125 4 0.25 -
S. pneumoniae Pn31 EryR 0.13 <0.03 <0.03 16 0.5 -¢
S. aureus Sab ermR PK2b 1 <0.03 -c ¢ ¢ 32

S. aureus Sa18 FQR 1 32 -C -¢ -¢ 16

S. aureus Sa40 mecAP 1 <0.03 - - - 32

aAbbreviation: EryR; erythromycin resistant, PenR; penicillin resistant, FQR; fluoroguinolone resistant, Moxi; moxifloxacin, Amox; amoxicillin, Ery;

erythromycin, Caz; ceftazidime. bMethicillin-resistant strain. °Not determined.
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found to be active against virulent and resistant strains, such as
methicillin and fluoroquinolone-resistant S. aureus and peni-
cillin and/or erythromycin-resistant S. pneumoniae. Remark-
ably, tetramate 2b maintained the activities against all the
strains and was highly effective against erythromycin resistant
S. pneumoniae Pn31 (MIC = 0.125 pg/mL). By way of com-
parison, the activities of moxifloxacin (a fourth generation fluo-
roquinolone) to S. aureus Sal8 (MIC = 32 pg/mL), amoxicillin
(B-lactam) to S. pneumoniae Pn7, Pnl0 and Pnll
(MIC = 4 pg/mL), erythromycin to S. pneumoniae Pn7, Pnl0,
Pn19, Pn21 and Pn31 (MIC >4 pg/mL) and ceftazidime (a third
generation cephalosporin) to S. aureus Sa5, Sal8 and Sa40
(MIC > 16 pg/mL) were substantially decreased.

Lipophilic efficiency (LipE) has been used to assess the suit-
ability of drug candidates as CB agonists [29], and the usage of
a similar calculation for the data presented in this work (with
LipE = pMIC(nM) — ¢ Log P) (see Table S1 and Figure S1 in
Supporting Information File 1; pMIC values were calculated
according to a literature protocol [30]), facilitated the identifica-
tion of compounds with potential for optimisation. According to
Figure S1, strongly active compounds can be found at
¢ log P values of 1-2, 3 or 4, and for the highly susceptible
strain H4, for example, compounds of interest would be 2b—e
and 2g.

Conclusion

We have prepared monocyclic 3-carboxamide tetramic acids
from 3-alkoxycarbonyl tetramic acids based on a direct
ester—amide exchange by using butyl chloroformate with
DMAP, thereby providing a general access to this type of
system. The tautomerization of 3-alkoxycarbonyl and 3-carbox-
amide tetramic acids compared to 3-acyltetramic acids has been
investigated. It has been found that 3-alkoxycarbonyl and
3-carboxamide tetramic acids prefer tautomer A, while the pref-
erence of 3-acyltetramic acids depends on the N(1)-function-
ality. Of particular interest is that 3-carboxamide analogues,
especially 2b, have shown bioactivity against various Gram-
positive bacteria including clinically resistant strains such as
MRSA, fluoroquinolone-resistant S. aureus, MDRSP, peni-
cillin and erythromycin-resistant S. pneumonia and VRE as well
as Gram-negative H. influenzae. Further optimisation, espe-
cially for overcoming high plasma-protein binding, is warranted
but these compounds may be suitable for an evaluation for
topical use [31,32]. Significantly, these results suggest that a
drug discovery approach based upon deconstruction-recon-
struction inspired by suitable natural products with demon-
strable biological activity provides a route for the rapid
assembly of compound libraries, which, even if not fully
optimized, provide a useful starting point for further elabora-

tion.

Beilstein J. Org. Chem. 2013, 9, 1899-1906.

Experimental

General. Melting points were determined with a Stuart Scien-
tific SMP1 melting point device and are uncorrected. The 'H
and 13C NMR spectra were obtained by using a Bruker Avance
AV400 (400 MHz and 100 MHz, respectively) with residual
solvent peaks as the internal reference. Mass spectra (MS) and
high-resolution mass spectra (HRMS) were obtained with
Micro Mass LCT and GCT spectrometers under the conditions
of electrospray ionization (ESI) and chemical ionization (CI)
respectively, and values were reported as a ratio of mass to
charge in Daltons.

Synthesis. The synthesis of monocyclic precursor tetramate
compounds from glycine has been reported in our previous

publication [33].

Calculations. Density Functional B3LYP (6-31G*) in Spartan
02 was used for the calculation of the energy in equilibrium
geometry at ground state. MarvinSketch Version 5.3.8. (http:/

www.chemaxon.org) was used for the calculation of the van der

Waals molecular surface area (MSA), the polar surface area
(PSA), the calculated partition coefficient (¢ log P) under VG
method, the calculated distribution coefficient at pH 7.4
[c log D (7.4)] under VG method, the hydrogen-bond donor
count, the hydrogen-bond acceptor count, and the rotatable
bond count.

Antibacterial activity. Antibiotic activity was measured by
using standard methodology (Clinical and Laboratory Stan-
dards Institute. Methods for antimicrobial susceptibility test for
bacteria that grow aerobically, approved standard M7-A7, 7th
ed., CLSI, Wayne, PA, 2006): compounds were diluted in
DMSO to obtain 2.56 mg/mL, then 100 pL were diluted in
Mueller-Hinton broth to 0.256 mg/mL and assayed against the
bacterial panel by incubation in 96-well microplates at 37 °C for
24 h. The MIC was determined by visually reading the first
concentration where no growth (no turbidity) appeared.

Supporting Information

Supporting Information File 1

Experimental details, calculated energies (Spartan) for
selected compounds and NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-224-S1.pdf]
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Symbiodinolide is a polyol marine natural product with a molecular weight of 2860. Herein, a streamlined synthesis of the

C79—C97 fragment of symbiodinolide is described. In the synthetic route, a spiroacetalization, a Julia—Kocienski olefination, and a

Sharpless asymmetric dihydroxylation were utilized as the key transformations.

Findings

A 62-membered polyol marine natural product, symbiodinolide
(1, Figure 1), was isolated from the 80% aqueous ethanol
extract of the cultured symbiotic dinoflagellate Symbiodinium
sp. in 2007 [1]. Symbiodinolide shows voltage-dependent
N-type Ca2* channel-opening activity at 7 nmol/L and COX-1
inhibitory effect at 2 umol/L (65% inhibition). Furthermore, 1
ruptures the tissue surface of the acoel flatworm Amphiscolops
sp. at 2.5 umol/L. The entire planar structure of 1 was estab-

lished by the detailed 2D NMR spectroscopic analysis.

However, the complete stereostructural determination of 1
with its 61 chirality centres and a molar mass of 2860 has

been an unsolved issue. Therefore, in order to complete the

configurational elucidation of 1, we are now investigating
its chemical degradation [1-3] and chemical synthesis of the
fragments [4-11].

Previously, we reported the stereoselective synthesis of the
spiroacetal C79—-C96 fragment [4], which is summarized in
Scheme 1. Triflate 2 was reacted with the lithium acetylide
prepared from alkyne 3 to give the desired coupling product 4.
The TBDPS ether 4 was transformed to TIPS ether 5 because of
the lability of the TBDPS protecting group under the following
Birch conditions. The alkyne 5 was subjected to the Birch
reduction to afford the trans-alkene 6, wherein the benzyl
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Figure 1: Structure of symbiodinolide (1).

Me

OTBDPS
=z 3

BnO.
OTf n-BuLi

OTBDPS 5 gtens

BnO
OTIPS Birch
BnO reduction

BnO

8 steps from the coupling

Scheme 1: Our previous synthesis of the C79-C96 fragment 7.

moiety was deprotected. The alkene 6 was derivatized to the
spiroacetal C79—C96 fragment 7 in four steps including the
benzyl protection and Sharpless asymmetric dihydroxylation
(AD). Although the desired spiroacetal fragment 7 was synthe-
sized stereoselectively, the transformation starting with the
coupling between 2 and 3 to the final product 7 needed eight
steps. Therefore, we decided to examine the more efficient
synthesis of the spiroacetal fragment. Herein, we report the im-
proved synthesis of the spiroacetal fragment by utilizing
Julia—Kocienski olefination as the coupling reaction.

The new retrosynthetic analysis of the C79-C97 fragment 8 is
described in Scheme 2. We envisaged that the diol 8 could be
synthesized by the Julia—Kocienski olefination [12-14] between
aldehyde 9 and 1-phenyl-1H-tetrazol-5-yl (PT)-sulfone 10 and
subsequent Sharpless AD [15], wherein the target molecule 8
could be prepared in two steps from the coupling. The carbon
framework of 9 could be constructed through the stereo-

selective spiroacetalization of dihydroxyketone 11.

First, we commenced the stereocontrolled synthesis of alde-
hyde 20 (Scheme 3). Treatment of epoxide 13, which was
prepared from L-aspartic acid (12) by the known procedure [8],
with 3-butenylmagnesium bromide/Cul [16] provided the
corresponding secondary alcohol. Protection of the alcohol with
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Scheme 2: Retrosynthetic analysis of the C79-C97 fragment 8.

TBSCI afforded TBS ether 14 in 91% yield in two steps. Alkene
14 was reacted with m-CPBA to produce epoxide 15 as a 1:1
diastereomeric mixture. Epoxide 15 was coupled with alkyne 16
[4] in the presence of n-BuLi/BF3-OEt, [17] to give the desired
product 17 in 92% yield from 15. Hydrogenation of the alkyne
moiety of 17 followed by TPAP oxidation [18] yielded ketone
18. Removal of the three TBS protecting groups and subse-
quent stereoselective spiroacetalization were performed in one-
pot with CSA in MeOH to provide spiroacetal 19 as a single
stereoisomer [19,20]. The stereochemistry of 19 was elucidated
by the observed NOE correlations between H-83 and H-91 as

Beilstein J. Org. Chem. 2013, 9, 1931-1935.

indicated by an arrow. The plausible rationale for the stereo-
selective formation of 19 is the thermodynamic stability due to
the double anomeric effect. Oxidation of the alcohol 19 with
SO3-pyr/Et3N/DMSO [21] afforded aldehyde 20.

Next, we carried out the synthesis of PT-sulfones 23 and 24
which were the coupling partners of the aldehyde 20
(Scheme 4). The synthesis started from commercially available
methyl (5)-3-hydroxy-2-methylpropanoate (21), which was
converted to alcohol 22 by the known method [22]. Alcohol 22
was treated with 1-phenyl-1H-tetrazole-5-thio/DEAD/PPhj to
furnish the corresponding PT-sulfide, which was oxidized with

Me Me
HO__~ —
~">Co,Me HO\/ZZ\/\OTBDPS
21

1) 1-phenyl-1H-tetrazole-5-thiol
DEAD, PPh3, THF, 0 °C Me

PTOZS\/;?/\OTBDPS

2) H20,, (NH4)eM07024-4H,0
EtOH, 0 to 40 °C
69% (2 steps)

1) CSA, MeOH, 40 °C Me
PTOZS\/24\/\OTBS

2) TBSCI, imidazole, CH,Cly, rt
92% (2 steps)

Scheme 4: Synthesis of PT-sulfones 23 and 24.

1) Xo~_-MgBr, Cul

NH,

THF, -78 °C to rt .

oas M-CPBA, NaHCO,

I _con > OTBS
HOC 0" 43

CH,Cly, 1t

2) TBSCI, imidazole, DMAP

CH,Cl, 0 °C to rt

OTBS
14 92%

91% (2 steps)

1) Hp, Pd/C, EtsN

1B (;3: nOE;JLI OTBS EtOAc, rt
N~ OTBS 3 2 B”OW
~ : OH OTBS
) J 7800 Y 2) TPAP, NMO, MS 4 A
5 ) OTBS 47 CH,Cl,, rt
92% e
BnO otes A BnO
H MeOH, rt
OTBS B !
18 0 OTBS 95% (3 steps)

303-pyr, Et3N, DMSO BnO

CH,Cly, 0 °C
95%

Scheme 3: Synthesis of aldehyde 20.

CHO
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H>0,/Mo(VI) [23] to yield PT-sulfone 23. The TBDPS
protecting group of 23 was transformed to the TBS group in
two steps to provide PT-sulfone 24.

With the coupling precursors aldehyde 20 and PT-sulfones 23
and 24 in hand, we next examined the Julia—Kocienski olefina-
tion [12-14] of these compounds (Table 1). Deprotonation of
the PT-sulfone 23 with KHMDS, followed by addition of the
aldehyde 20, gave rise to the desired coupling product (£)-25
along with (Z)-25 in 27% combined yield at a 3.5:1 diastereo-
meric ratio (Table 1, entry 1). When NaHMDS was used as the
base, the chemical yield was improved to 77%, however, the
E/Z ratio was decreased to 1.3:1 (Table 1, entry 2). When LDA
was used as the base, the chemical yield and diastereomeric
ratio were increased to 98% and 2.6:1, respectively (Table 1,
entry 3). Reaction of PT-sulfone 24 using LDA gave the
coupling products (E)- and (Z)-26 in 86% yield, wherein the
diastereomeric ratio was increased to 5.0:1 (Table 1, entry 4).
The configurations of the coupling products were elucidated by
their coupling constants between H-93 and H-94 (15.3 Hz in
(E)-25 and (E)-26, 10.7 Hz in (£)-25 and (Z)-26). Finally, the
desired alkene (£)-26 was subjected to the Sharpless AD [15]
with AD-mix-f to furnish the C79-C97 fragment 27 in 72%
yield as a single diastereomer (Scheme 5). The configuration of
the resulting two vicinal hydroxy groups at C93 and C94 of 27
were unambiguously confirmed by the modified Mosher

method, respectively (see Supporting Information File 1).

Beilstein J. Org. Chem. 2013, 9, 1931-1935.

BnO
(E)-26
AD-mix-p t-BuOH/H,0, 0 °C to rt
MeSO,NH, 72%

BnO

Scheme 5: Synthesis of the C79-C97 fragment 27.

In conclusion, we have achieved the stereoselective synthesis of
the C79-C97 fragment. The synthetic route has featured a
stereoselective spiroacetalization, a Julia—Kocienski olefination,
and a Sharpless asymmetric dihydroxylation. This synthesis of
the spiroacetal fragment, wherein the two-step sequence was
conducted and the overall yield was 52% from the coupling, has
been improved over the previous synthesis wherein the eight-
step transformation was needed and the overall yield was 31%
from the coupling. Further synthetic effort of symbiodinolide
toward the complete structural elucidation is currently under-

way and will be reported in due course.

Table 1: Julia—Kocienski olefination between aldehyde 20 and PT-sulfones 23 and 24.

BnO

BnO

OP
9
(E)-25: P = TBDPS
(E)-26: P =TBS
base 3Jho3Ho4 = 15.3 Hz
+ THF, 78 °C + '
Me BnO
PTO,S._ - h
2 \/\/\OP
23: P = TBDPS (2)-25:P=TBDPS Me oP
24: P =TBS (Z)-26: P=TBS
3JH93,H94 =10.7 Hz
Entry PT-Sulfone Base Yield (%)@ Ratio (E:Z)P
1 23 KHMDS 27 3.5:1
2 23 NaHMDS 77 1.3:1
3 23 LDA 98 2.6:1
4 24 LDA 86 5.0:1

a|solated yield from 20. PDetermined by "H NMR spectroscopy.
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(—)-Oxyphyllol was prepared in only 4 steps from an epoxy enone that already served as an intermediate for the total synthesis of

the anticancer guaiane (—)-englerin A. A regio- and diastereoselective Co(Il)-catalyzed hydration of the olefin and a transannular

epoxide opening were used as the key reactions.

Introduction

The hydroazulene framework is present in many natural prod-
ucts that are often associated with interesting biological prop-
erties [1,2]. The guaiane sesquiterpene (—)-oxyphyllol (1) has
been isolated from the roots of the Thai medicinal plant
Phyllanthus oxyphyllus [3]. A recent enantioselective synthesis
of the unnatural enantiomer of 1 enabled a structural revision of
this compound and established its relative and absolute con-
figuration as depicted in Figure 1 [4]. During the total synthesis
of (—)-9-deoxyenglerin A, compound 1 had already been
prepared enantiomerically pure in 14 steps starting from
(—)-isopulegol [5]. Remarkably, its cinnamate [(—)-9-deoxy-
englerin A] displayed a cytotoxic activity in the uM range
against several cancer cell lines [5]. Herein we report a concise
enantioselective access to (—)-oxyphyllol (1) in a few prepara-

tively simple operations.

(-)-oxyphyllol (1)

Figure 1: Structure of the guaiane (-)-oxyphyllol (1).

Results and Discussion

Recently, we developed an efficient access to the anticancer
guaiane (—)-englerin A (5) starting from (—)-photocitral A (6),
which in turn can be prepared in only 2 steps from commer-

cially available (—)-isopulegol through dual catalysis [6]. Due to
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the structural similarity of the hydroazulene core in
(—)-oxyphyllol (1) and 5, we decided to use a modification of
our route to 5 for the synthesis of 1 that would also constitute a
formal synthesis of the related guaiane (+)-orientalol E (2)
[4,7]. As illustrated in Scheme 1, we selected tertiary alcohol 3
as a retrosynthetic precursor for 1. The acetyl group of 3 can be
utilized to generate the isopropyl group, and a regioselective
transannular epoxide opening would construct the oxygen-
bridged bicyclic hydroazulene framework. Alcohol 3 was traced
back to the known epoxy enone 4 that already served as an
intermediate for the total synthesis of 5 [6].

As shown in Scheme 2, we first planned to use the known diol
7, which is available by diastereoselective dihydroxylation of 4
[6]. Since a chemoselective deoxygenation of the secondary
alcohol of 7 would give rise to the desired intermediate 3, we
investigated a radical defunctionalization strategy [8]. To this
end, we tried to prepare the thionocarbonate 8 from 7 with
phenyl chlorothionoformate [9,10]. However, all attempts at
selective activation of the secondary hydroxy group led to the
cyclic product 9 instead. A similar problem was already en-
countered earlier [11].

Scheme 3 depicts the efficacious completion of the synthesis of
(—)-oxyphyllol (1) from 4. To our delight, a direct regio- and
diastereoselective Co(Il)-catalyzed hydration [12] of the olefin
in 4 succeeded to give the required o-stereoisomer 3 in 58%
isolated yield after chromatographic separation of the minor
B-alcohol. Compared to the envisaged deoxygenation route
(Scheme 2), this key transformation saved 2 steps and paved the

3 steps
(ref. [4]) ‘

(+)-orientalol E (2)

Beilstein J. Org. Chem. 2013, 9, 2028-2032.

Ot \\<0Ph
S

",

Scheme 2: Attempted selective deoxygenation of diol 7. a) 1 mol %
Ko0s0O4, NMO, acetone, water, THF, rt, 97%, diastereomeric ratio =
2:1 (ref. [6]); b) PhOC(S)CI, pyridine, CH,Cly, 0 °C to rt, 42% 9.
NMO = N-methylmorpholine N-oxide.

way for a final reaction sequence that was based on our syn-
thesis of (—)-englerin A (5) [6]. Thus, Wittig olefination of the
acetyl group in 3 afforded the sensitive vinyl epoxide 10 along
with some cyclized product 11. In contrast to the smooth
transannular epoxide opening [13,14] encountered during the
synthesis of 5, an attempted complete cyclization of 10 to give
11 during acidic work-up of the methylenation reaction led to
considerable decomposition. Fortunately, catalytic amounts of
ytterbium triflate accomplished a high yielding formation of the

f—
6 steps
(ref. [6])
. (-)-photocitral A (6)
6 steps
(ref. [6])

Ph’\/z

(e}
(-)-englerin A (5)

Scheme 1: Retrosynthetic analysis for (—)-oxyphyllol (1) and structures of the guaiane sesquiterpenes (+)-orientalol E (2) and (-)-englerin A (5).
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Scheme 3: Conversion of 4 to 1. a) 20 mol % Co(acac),, PhSiH3,

1 atm Oy, THF, 0°C, 82%, diastereomeric ratio = 2.4:1; b) PhgP=CHp,
THF, rt; ¢) 2 mol % Yb(OTf)3, CH,Cly, rt, 80% (2 steps); d) 1 atm Hy,
10% Pd/C, MeOH, rt, 98%. acac = acetylacetonate, Tf = trifluoro-
methanesulfonyl.

oxygen-bridged bicyclic hydroazulene 11. Finally, hydrogena-
tion of 11 proceeded uneventfully to deliver the target molecule
1 nearly quantitatively.

Conclusion

In summary, we have accomplished a short enantioselective
total synthesis of (—)-oxyphyllol (1) and thus, a formal syn-
thesis of (+)-orientalol E (2) as well by a modification of our
previously developed route for setting up the oxygen-bridged
framework present in (—)-englerin A (5). The reaction sequence
presented herein allows the preparation of the guaiane 1 in only
10 steps with an overall yield of 22% starting from (—)-photoci-
tral A (6).

Experimental

General information: Tetrahydrofuran and dichloromethane
were dried and purified by passage through a MB-SPS-800
device using molecular sieves. All commercially available
reagents were used as received. Reactions were performed
under argon atmosphere. Thin layer chromatography (TLC) was
performed on Merck silica gel 60 Fps4 0.2 mm precoated plates.
Product spots were visualized by UV light at 254 nm and subse-
quently developed using anisaldehyde solution as appropriate.
Flash column chromatography was carried out using silica gel
(Merck, particle size 40—63 microns). Melting points were
measured on a Wagner & Munz PolyTherm A and are uncor-
rected. Infrared spectra were recorded on a THERMO-
NICOLET Avatar 360 instrument using ATR. NMR spectra
were recorded on a Bruker DRXS500P (500.13 MHz ]H, 125.77
MHz 13C) or else on an Avance-I11-600 (600.16 MHz 'H,
150.92 MHz 13C) spectrometer. Chemical shifts (§) are quoted
in parts per million (ppm) downfield of tetramethylsilane, using

Beilstein J. Org. Chem. 2013, 9, 2028-2032.

residual proton-containing solvent as internal standard (CDCl;
at 7.27). Abbreviations used in the description of resonances
are: s (singlet), d (doublet), t (triplet), q quartet), br (broad).
Coupling constants (J) are quoted to the nearest 0.1 Hz. Mass
spectra were recorded with an Agilent 5973N detector coupled
with an Agilent 6890N GC (GC-MS, 70 eV). HRMS spectra
were recorded on a Finnigan MAT 95 (EI, 70 eV). Optical rota-
tions were measured on a Perkin Elmer 341 LC polarimeter.

Elemental analysis was performed on a Hekatech EA 3000.

Thionocarbonate 9: Diol 7 (10.0 mg, 39 umol) and pyridine
(6.2 mg, 78 umol) were dissolved in dichloromethane (0.5 mL).
The solution was cooled to 0 °C, and phenyl chlorothionofor-
mate (10.3 mg, 60 pmol) was added. The solution was warmed
to room temperature and stirred for 72 h. Then silica gel was
added, and the solvents were removed in vacuo. Purification by
flash chromatography (isohexane/ethyl acetate 2:1) afforded
thionocarbonate 9 (4.9 mg, 17 pmol, 42%) as a colorless solid.

9: [a]p2? = =58 (¢ 0.50, CHCI3); Mp = 203 °C; '"H NMR (600
MHz, CDCl3)  4.62 (dd, J = 11.7, 3.8 Hz, 1H), 3.20 (s, 1H),
2.82 (dd, J = 15.8, 11.7 Hz, 1H), 2.63 (dd, J = 15.6, 3.6 Hz,
1H), 2.54 (dt, J=12.1, 8.8 Hz, 1H), 2.48-2.43 (m, 1H), 2.19
(dd, J = 12.4, 7.2 Hz, 1H), 2.04 (s, 3H), 2.03-1.88 (m, 2H),
1.65-1.58 (m, 1H), 1.46 (s, 3H), 1.43-1.37 (m, 1H), 0.93 (d, J =
7.2 Hz, 3H) ppm; 13C NMR (150 MHz, CDCls) & 205.9 (C),
190.4 (C), 91.6 (C), 85.5 (CH), 64.3 (C), 58.4 (CH), 44.5 (CH),
41.1 (CH), 35.8 (CH), 31.2 (CH,), 27.4 (CHy), 24.9 (CH,), 23.0
(CH3), 19.4 (CH3), 16.9 (CH3) ppm; IR (ATR) v: 2962, 2869,
1789, 1701, 1291, 1253, 1152, 977 cm™!; GC-MS: m/z = 296
[M]*; anal. caled for Cy5H,004S: C 60.79, H 6.80; found: C
60.88, H 6.92.

Alcohol 3: Epoxide 4 (100.0 mg, 454 pmol) and cobalt(II)
acetylacetonate (23.3 mg, 91 pumol) were dissolved in THF
(5 mL), and the solution was cooled to 0 °C. Oxygen was
bubbled through the solution for 1 h, and phenylsilane
(196.5 mg, 1.816 mmol) was added afterwards. After a reaction
time of 22 h, ethyl acetate was added, and the mixture was
filtered through silica gel. The filtrate was concentrated under
reduced pressure, and the residue was purified by flash chroma-
tography (isohexane/ethyl acetate 2:1) to yield alcohol 3
(63.2 mg, 265 pumol, 58%) as a colorless solid.

3: [a]p2? = +3 (c 0.54, CHCl3); Mp = 84 °C; 'H NMR (600
MHz, CDCl3) & 3.23 (d, J = 7.2 Hz, 1H), 2.55 (ddd, J = 14.8,
7.4, 1.5 Hz, 1H), 2.40-2.32 (m, 1H), 2.03 (s, 3H), 1.96-1.89
(m, 1H), 1.85-1.80 (m, 2H), 1.76-1.68 (m, 2H), 1.64—1.51 (m,
2H), 1.38-1.31 (m, 1H), 1.24-1.19 (m, 1H), 1.13 (s, 3H), 1.11
(d, J=17.2 Hz, 3H) ppm; '3C NMR (150 MHz, CDCl3) & 208.2
(C), 74.8 (C), 64.0 (C), 60.0 (CH), 52.1 (CH), 44.8 (CH), 40.8
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(CHy), 35.9 (CH), 34.6 (CHy), 25.4 (CHj), 24.4 (CH,), 23.3
(CH3), 19.9 (CH3), 15.5 (CH3) ppm; IR (ATR) v: 3446, 2957,
2930, 2874, 1708, 1130, 852 cm™!; GC-MS: m/z = 238 M]*;
HRMS (EI) m/z: [M]" calcd for C;4H»,03, 238.1569; found,
238.1564.

Allyl ether 11: Methyltriphenylphosphonium bromide
(131.5 mg, 368 umol) was suspended in THF (1.5 mL), and a
solution of sodium hexamethyldisilazide in THF (2.0 M,
172 uL, 344 pmol) was added. The mixture was stirred for
5 min at room temperature, and then a solution of alcohol 3
(29.0 mg, 122 pmol) in THF (1.5 mL) was added dropwise.
After stirring for 5 min at room temperature, ethyl acetate was
added, and the mixture was filtered through a plug of silica gel.
Purification of the residue by flash chromatography (isohexane/
ethyl acetate 2:1) afforded a mixture of olefin 10 and the
cyclized product 11 as a colorless oil.

The mixture above and ytterbium(IlI) triflate (1.5 mg, 2.4 pmol)
were dissolved in dichloromethane (1.5 mL) and stirred for 1 h
at room temperature. Afterwards the reaction mixture was
filtered through silica gel, and the filtrate was evaporated in
vacuo. Flash chromatography (isohexane/ethyl acetate 10:1) of
the residue afforded the oxygen-bridged bicyclic hydroazulene
11 (22.9 mg, 97 pmol, 80% over 2 steps) as a colorless oil.

11: [o]p2® =36 (¢ 0.61, MeOH); "H NMR (500 MHz, CDCl3)
85.02 (t, J = 1.6 Hz, 1H), 4.80 (s, 1H), 3.38 (d, J = 10.4 Hz,
1H), 2.30-1.38 (m, 1H), 2.20-2.07 (m, 1H), 2.06-1.92 (m, 1H),
1.86 (s, 3H), 1.82-1.72 (m, 2H), 1.71-1.60 (m, 2H), 1.54—1.45
(m, 1H), 1.41-1.36 (m, 1H), 1.28 (s, 3H), 1.22—1.13 (m, 1H),
1.10-1.00 (m, 1H), 0.89 (d, J = 7.3 Hz, 3H) ppm; 13Cc NMR
(125 MHz, CDCls) § 147.2 (C), 113.2 (CH,), 88.0 (C), 82.9
(C), 69.8 (CH), 48.9 (CH), 46.7 (CH), 31.4 (CH,), 31.4 (CH,),
31.1 (CH), 30.7 (CH,), 26.0 (CH,), 24.3 (CH3), 19.3 (CH3),
17.1 (CH3) ppm; IR (ATR) v: 3467, 3082, 1073, 2952, 2869,
890 cm™!; GC-MS: m/z = 236 [M]". HRMS (EI) m/z: [M]"
caled for C15H,40,, 236.1776; found, 236.1766.

(—)-Oxyphyllol (1): Olefin 11 (22.9 mg, 97 umol) and palla-
dium on charcoal (10 wt %, 5.1 mg) were placed in a flask, and
methanol (2 mL) was added. The resulting mixture was stirred
under hydrogen (1 atm) for 4 h at room temperature. Then the
mixture was filtered through silica gel, and the solvents were
removed in vacuo. Flash chromatography of the residue
(isohexane/ethyl acetate 10:1) afforded 1 as a colorless oil
(22.7 mg, 95 pmol, 98%).

1: [a]p2® = =51 (¢ 0.82, CHCIl3); (Lit. [3]: [a]p20 = —40.25 (¢
0.225, CHCl3)); '"H NMR (500 MHz, CDCl3) § 3.69 (d, J =
10.1 Hz, 1H), 2.37-2.21 (m, 1H), 2.05-1.87 (m, 2H), 1.85-1.76

Beilstein J. Org. Chem. 2013, 9, 2028-2032.

(m, 1H), 1.75-1.54 (m, 4H), 1.44-1.32 (m, 2H), 1.23 (s, 3H),
1.21-1.13 (m, 1H), 1.05-0.99 (m, 1H), 1.03 (d, J = 6.9 Hz, 3H),
1.02 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 7.3 Hz, 3H) ppm;
13C NMR (125 MHz, CDCl3) & 86.4 (C), 83.0 (C), 71.8 (CH),
49.3 (CH), 48.6 (CH), 32.4 (CH), 31.7 (CHy), 31.5 (CH,), 30.5
(CH), 29.2 (CH,), 25.9 (CH,), 24.3 (CH3), 18.4 (CH3), 17.5
(CH,), 17.1 (CH3) ppm; IR (ATR) v: 3408, 2953, 2870, 1473,
1378, 1064, 1004 cm™!; GC-MS: m/z = 238 [M]".

Supporting Information

The Supporting Information contains 'H and !13C NMR
spectra for compounds 1, 3,9 and 11.

Supporting Information File 1

'H NMR and 13C NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-239-S1.pdf]
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This review highlights the chemical and biological aspects of natural products containing an oxidized or reduced isoindole skeleton.

This motif is found in its intact or modified form in indolocarbazoles, macrocyclic polyketides (cytochalasan alkaloids), the

aporhoeadane alkaloids, meroterpenoids from Stachybotrys species and anthraquinone-type alkaloids. Concerning their biological

activity, molecular structure and synthesis, we have limited this review to the most inspiring examples. Within different congeners,

we have selected a few members and discussed the synthetic routes in more detail. The putative biosynthetic pathways of the

presented isoindole alkaloids are described as well.

Introduction

Isoindole (2H-isoindole, 1), known since more than a century,
consists of a fused benzopyrrole ring system and constitutes the
regioisomer of the abundant 1H-indole heterocycle. The fully
reduced member of the isoindole family is termed isoindoline
(2,3-dihydro-1H-isoindole, 2). Formal oxidation to the 10x-
system leads to isoindole (1), which is usually only stable when
the labile ortho-quinoid structure is embedded in a zt-system [1].
Incorporation of additional oxygen gives the isoindolinone (1,3-
dihydro-2H-isoindole-1-one, 3) and phthalimide (1,3-dihydro-
2H-isoindole-1,3-dione, 4) substitution pattern.

The isoindole structure has attracted scientists for decades and

can be found in several natural and pharmaceutical compounds

[2,3]. A number of structures were explored over the years and
promising drug conjugates such as 5-11 could be developed
(Figure 1).

Compared to the synthesis of indoles, where a number of
named-reactions have been reported, only conventional
methods are used for the related isoindole motif. For the
construction of this rare skeleton inter- and intramolecular
Diels—Alder reactions are one of the most powerful methods.
This was also exemplified by medicinal chemists from
AstraZeneca in the manufacturing route to an mGIuR2 positive
allosteric modulator [4]. In 2012, a programmable enantiose-

lective one-pot synthesis of isoindolines was reported by

2048

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:thomas.magauer@lmu.de
http://dx.doi.org/10.3762%2Fbjoc.9.243

a) _—
NH
S

O

isoindoline (2)
2,3-dihydro-1H-isoindole

2H-isoindole (1)

Me
Me

(R)-PD 172939 (5)

(dopamine D4 antagonist)

(S)-pazinaclone (6)

(sedative drug)

N O
NH

NH, O O

lenalidomide (9) pomalidomide (10)

(anticancer, multiple myeloma)

(anticancer, multiple myeloma)

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

o o)
NH
gt
¢}

isoindolinone (3)
1,3-dihydro-2H-isoindole-

phthalimide (4)
1,3-dihydro-2H-isoindole-

1-one 1,3-dione
(0]
N (0]
NH
o O

(R)-(+)-7 thalidomide (8)
(antiretroviral, ARV) (teratogen)
O
HN/[<
OMe NH
/—Me
0 o o
N O
s=0 0o
I
NHAc O Me NH
HN\\<
o
apremilast (11) Pigment Yellow 139 12
(antiinflammatory) (organic dye)

Figure 1: a) Structural features and b) selected examples of non-natural congeners.

Waldmann [5]. Several other strategies were pursued for the
synthesis of isoindoline-type structures and the synthesis, chem-
ical and spectroscopic properties of this substance class were
reviewed elsewhere [6-8].

In the late 1950s, thalidomide (8), a phthalimide-based drug
used by pregnant women against morning sickness, became the
most infamous drug in history and caused thousands of fatal
casualties as well as numerous severe birth defects. Modifica-
tion of the phthalimide core led to the approval of lenalidomide
(9) [9] in 2004 and pomalidomide (10) in 2013 by the Food and
Drug Administration (FDA) as drugs against multiple myeloma.
The phosphodiesterase 4 (PDE4) inhibitor apremilast (11),

which lacks the glutarimide is currently in phase III clinical
trials.

The first naturally occurring isoindole, 6-methoxy-2,5-
dimethyl-2H-isoindole-4,7-dione (18), was isolated from the
sponge Reniera sp. in 1982 [10]. The postulated structure was
elucidated through extensive NMR studies and unambiguously
confirmed by a four-step synthesis. In 1991, a more concise and
elegant route to this antimicrobial metabolite was established by
Schubert-Zsilavecz [11]. The reaction was initiated by heating
paraformaldehyde (13) and sarcosine (14) in the presence of
benzoquinone 16. This transformation proceeds via a 1,3-

dipolar cycloaddition between the in situ formed azome-
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thinylide 15 and the benzoquinone 16 to directly give 17
(Scheme 1). Spontaneous oxidation of the so-obtained cycliza-

tion adduct generates isoindole 18.

o AgF N @
CH0), + N 9 NS
(CH20), Me/N\)J\OH W @II/N Me
13 14 -CO, 15
“H* 0
MeO
Me
(0]
16
MeO _ [O] MeO
— NMe - NMe
Me (81%) Me
O
18 17

Scheme 1: Synthesis of isoindole 18.

Isoindoles have also found application as dyes. Pigment yellow
139 (12), which is sold by BASF as Paliotol® Yellow K 1841
belongs to the class of highly resistant and effective 1,3-disub-
stituted isoindoline dyes. Recently, the use of isoindoles as red
to near-infrared fluorophores was reported [12]. Another
interesting isoindole-based dye, 25, arises from the conden-
sation of primary amines with o-diacylbenzene 19 (Scheme 2)
[13]. After initial formation of 20, isomerization to 21 and 22
can occur through a sequential dehydration—hydration process.

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

Dimerization of 21 and 22 generates 23, the substrate for a
formal retro-Aldol reaction. Loss of formaldehyde gives 24,
which is spontaneously oxidized to the intensive blue-violet
pigment 25. This reaction sequence is characterized by its high
sensitivity and has found application as a marker in analytical
chemistry (e.g. staining of primary amines) [14,15].

The following review section highlights synthetic and biochem-
ical aspects of selected isoindole-type natural products. The
presented results are not meant to be exhaustive but should give
a better understanding about the structurally and biologically
most attracting structures. We intend to inspire today’s chemists
and are convinced that these natural products have a huge

potential for the development of new chemistry.

Review

Indolocarbazoles. Staurosporine (26) was the first member of
the indolocarbazole alkaloid family to be discovered by Omura
from Streptomyces staurosporeus at the Kitasato Institute in
1977 [16]. Over the past 35 years, more than 60 natural indolo-
carbazole compounds have been isolated from several bacteria
and marine invertebrates either as their glycosides (26-29) or
aglycones (30-33) [17]. Based on the number of glycosidic
bonds linking the carbohydrate moiety to the isoindole frame-
work, the latter can be divided into two subclasses. The first
comprises two linkages, exemplified by (+)-staurosporine (26)
and (+)-K252a (27), whereas the second class contains only one
glycosidic bond as found in rebeccamycin (28) and holyrine A
(29). Selected members of the indolocarbazole alkaloid family
are depicted in Figure 2.

¥
O Me CH, CH,OH
Me  HN-R { —H,0 = . o A
Ph N VS, =/~
0 Ph OH Ph Ph
19 20 21 22
I X
\,—Ph \,—Ph
\ \
NH —-CH,0 NH [O]
— HQC‘ —> H,C —
A
H20" NG (] HN
—
Ph Ph
23 25

Scheme 2: Staining amines with 1,4-diketone 19 (R = H).
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arcyriaflavin A (31)

Figure 2: Representative members of the indolocarbazole alkaloid family.

The strong antimicrobial activity against fungi and yeast of 26

was simultaneously reported with its isolation [16]. Moreover,

with ICsq values in the low nanomolar range (1-20 nM), stau-
rosporine (26) is one of the most potent protein kinase inhibi-
tors to date [18]. It took nine years to identify the crucial protein
kinase inhibitory effects of 26 [18]. Solving the crystal struc-
ture of the catalytic subunit Ca of cAMP-dependent protein
kinase bound to 26 gave pivotal insights in the binding mode
[19]. Staurosporine (26) targets the active site of the adenosine-
binding pocket of most protein kinases. This is achieved
mimicking several aspects of the adenosine moiety, by induced-
fit structural changes and the conformational flexibility of the
enzyme residues (Figure 3). Together with several related
analogues, 26 displays significant cytotoxic and antiprolif-
erative effects [19].

Due to the key role of protein kinases in cellular signaling and
their association with cancer, a tremendous effort in the devel-
opment of selective protein kinase inhibitors was undertaken.
This resulted in the discovery of the anticancer agent imatinib
(Gleevec, 34) by rational drug design (Figure 4). Midostaurin
(35), a semisynthetic derivative of staurosporine (26), is
currently in clinical trials for the treatment of acute myeloid
leukemia [20].

Although rebeccamycin (28) and its congeners only differ in the
lack of the second glycosidic linkage, a completely different
mode of action is effective. By stabilizing the topoisomerase I

H
HO...-N\_0 o
cl Q cl “ NH
( J
N N Z N N
H H H
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5 offo
LRNY

holyrine A (29)

Me(s)

rebeccamycin (28)

tjipanazole J (32) granulatimide (33)

Figure 3: Staurosporine (26) bound to the adenosine-binding pocket
[19] (from pdb1stc).

DNA-cleavable complex they prevent the replication of DNA
and act as efficient antitumor compounds [21].

The extraordinary bioactivity of indolocarbazoles has drawn a
lot of attention from chemists and biologists. The biosynthesis
of staurosporine (26) and rebeccamycin (28), both being the
most prominent representatives of this distinct class of natural
products, has been studied extensively and reviewed by Knélker
and Omura [17,22]. The biogenesis of staurosporine (26) is
outlined in Scheme 3. Biosynthetically, the indolocarbazole
scaffold is derived from two fused tryptophan molecules,

whereas the sugar moiety originates from glucose and methio-
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Figure 4: Structure of imatinib (34) and midostaurin (35).

nine [23]. In 1996, Steglich isolated lycogalic acid A (38), also
known as chromopyrolic acid, along with staurosporinone (30)
and traces of arcyriaflavin A (31) from the extracts of Lycogala
epidendrum [24]. This finding and results from Hoshino, which
demonstrated that 38 is derived from L-tryptophan (36) [25],

CO,H
NH, StaO
A\ A\
N N
H H
L-tryptophan (36) 37
H
N_o
StaP O O O StaG
—_—
—
StaC N N StaN
H H

staurosporinone (30)

Scheme 3: Biosynthesis of staurosporine (26).
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indicate a close biosynthetic relationship between these alka-
loids. After additional experiments, the authors concluded that
lycogalic acid A (38) is the biosynthetic key intermediate for
the biogenesis of indolocarbazoles. This hypothesis was veri-
fied through gene disruption studies and the isolation of puta-
tive intermediates [26-28]. The formation of the isoindole
framework is initiated by the oxidation of L-tryptophan (36) to
imino indolepyruvic acid 37, a process, which is catalyzed
through the enzyme StaO. The subsequent condensation of two
molecules of imine 37 is catalyzed by the oxidase StaD and
gives lycogalic acid A (38) [26-28]. StaP and StaC convert 38
into staurosporinone (30) via an intramolecular aryl-aryl
coupling and an oxidative decarboxylation [29,30]. Formation
of the N-glycosidic bonds is carried out by StaG/StaN and after
methylation, 26 is obtained [27].

As already mentioned before, indolocarbazoles are character-
ized by their excellent biological activities and unusual architec-
ture and hence drawing an enormous interest from the synthetic
organic chemistry community. This led to several syntheses of
the natural occurring aglycone staurosporinone (30) [31-35] and
culminated in the first total synthesis of staurosporine (26) by
Danishefsky in 1995 [36]. The elegant syntheses of a series of
closely related indolocarbazoles, staurosporine (26), K252a
(27), RK-286¢ (49), MLR-52 (20) and staurosporinone (30),
which were elaborated by Wood in 1996 and reviewed by
Knolker in more detail [37], will be discussed below. Based on
their previous results [38], the common intermediate 48 was
recognized as an ideal branching point. The synthetic route to
this component is characterized by the beautiful application of

CO.H
NH StaD
R —
lycogalic acid A
H (chromopyrrolic acid, 38)
N_o

(+)-staurosporine (26)
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Rh(II)-catalyzed C—H and OH insertion reactions (Scheme 4).
The preparation of both enantiomeric furanose building blocks
commenced with the Rhy(OAc)s-catalyzed OH insertion of 39,
respectively 40 into the a-diazo-B-ketoester 40. A tandem
[3,3]/[1,2]-rearrangement cascade, followed by reductive
ozonolysis and acid-promoted cyclization afforded (+)-41 and
(—)-41 in an overall yield of 60% and 46%, respectively. For the
synthesis of staurosporinone (30) and its 3,4-dimethoxybenzyl
(DMB)-protected derivative 45, a ruthenium-catalyzed C—H
insertion/electrocyclization cascade using 2,2’-bisindole 44 and
diazolactams 43a/b was developed. The necessary cyclogly-
cosidative coupling of 45 and (+)-41 was promoted by
camphorsulfonic acid to give the DMB-protected K252a [(—)-
46] as a 2:1 mixture, slightly favoring the desired diastereomer.
Cleavage of the N-protecting group gave (—)-K252a [(—)-27] as
its unnatural enantiomer. With eleven synthetic operations and a
longest linear sequence of only seven steps, this route is highly
convergent and employs a novel Rh-carbenoid-mediated forma-
tion of 30 as its key step. The synthesis of the natural enan-
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tiomer of (+)-K252a [(+)-27] was carried out in an analogous
fashion using (R)-(—)-1-nonen-3-ol (42) instead of (S)-but-3-en-
2-ol (39) to give the enantiomeric coupling partner of 45.
Although no yields for the following coupling were reported,
multigram quantities of optically pure (+)-46 could be obtained
[37]. Further reduction and Moffat oxidation gave 47, which
was believed to be the direct precursor for the common inter-
mediate 48. Lewis acid catalyzed Tiffenau—Demjanov-type ring

expansion of 47 gave 48 as a single product.

With a-hydroxy ketone 48 in hand, the stage was set for further
modifications to access 26, 27, 49 and 50 (Scheme 5). During
their attempts to methylate 48, an unprecedented benzilic acid-
type rearrangement (ring contraction) was discovered. Expo-
sure of 48 to copper(I) chloride in methanol furnished (+)-46 in
95% yield, which after removal of the protecting group gave
(+)-K252a (27). Staurosporine (26) could be synthesized in five
steps from 48 and in a longest linear sequence of 19 steps. For
the preparation of (+)-RK-286¢ (49) and (+)-MLR-52 (50),

MeQ OMe, MeO ~ OMe
OH e 9 4 steps 0 : ;O 4steps
N, (60%) MeO,C OH ! MeO,C (46%
I
39 40 (+)-41 L4 40 42
R
R
;_( Rhy(OAc),,
pinacolone, 120 °C
i~ (o o s
43a,R=H R =H (25%) (55%, 2:1 dr)
43b,R=34DMB g _34n0MB (62%) N N
* staurosporinone (30), R=H
' M
O \_/ O 45, R = 3,4-DMB eOZC oH
N N TEA (+)-46, R = DMB
44 (83%) [ ()-K-252a [(-)-27], R = H
DMB
N_o
1. LiBH4
45 csa O O O 2. DCC, DMSO BF3 Et,0
—_—
(-4 N N (63%) %)

(+)-46

TFA [
(+)-

Scheme 4: Wood's synthesis of K-252a via the common intermediate 48.

K-252a [(+)-27]

|||||

T|ffeneau—Demjanov

g
\“ HO
o OH o)
47 cucl, MeOH[ 48
0,
(95%) (146
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ketone 48 was reduced and regioselectively methylated at the
C3’ position. Cleavage of the protecting group gave 49,
whereas 50 was obtained after dehydration using Martin’s
sulfurane, dihydroxylation and a final deprotection step.

N H
(0]
N_o
N o N
Me“v
HN. MeOZC OH
Me

(+)-staurosporine (26) (+)-K252a (27)

5 steps T 2 steps
(55%) T T (79%)
|

I:I)MB
N._o
|
3 steps l 5 steps
(57%) l l (44%)
H H
N_o N_o

(+)-RK-286¢ (49)

(+)-MLR-52 (50)

Scheme 5: Synthesis of 26, 27, 49 and 50 diverging from the common
intermediate 48.

Macrocyclic polyketides: The first cytochalasan alkaloids,
cytochalasin A (51) and B (52), originally named phomins [39],
were isolated in 1966 [39-42]. Since then, the number of natural
products belonging to this family has increased to over 80.

Some representative members are depicted in Figure 5 [43].
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Cyctochalasan alkaloids display a wide range of biological
properties, such as cytotoxic, antimicrobial, antiviral and phyto-
toxic activities and were reviewed in detail by Hertweck in
2010 [44]. Structurally, they consist of one amino acid and a
highly substituted hydroisoindolone moiety fused to a macro-
cyclic ring (ring size 9-14). In certain cases, the ring system can
be oxidized to an unusual cyclic carbonate as observed for
cytochalasin E (53). Depending on the amino acid incorporated
in the isoindolone moiety, the cytochalasans can be further
subdivided into cytochalasins [41] (phenylalanine), chaetoglo-
bosins [45,46] (tryptophan), aspochalasins [47] (leucine),
pyrichalasins [48] (tyrosine) or alachalasins [49,50] (alanine).

The biosynthesis of cytochalasans was established on the basis
of various isotope labeling experiments using cytochalasin B
(52) as a model system [51-55]. It was hypothesized that the
carbon backbone, which is connected to an amino acid, most
likely originates from a polyketide synthase (PKS)/nonribo-
somal peptide synthetase (NRPS) hybrid machinery [56]. The
discovery of a gene locus for a PKS-NRPS synthetase of the
chaetoglobosin producing fungus Penicillium expansum led to a
more sophisticated biosynthetic insight of chaetoglobosin A
(57) (Scheme 6). The stepwise assembly of the nonaketide 61 is
realized from activated tryptophan (36), one acetyl-CoA (59)
starter and eight malonyl-CoA extender (60) units. The
remaining methyl groups are believed to be installed by
S-adenosyl methionine (SAM). An intramolecular Aldol con-
densation generates the pyrrolinone 62, which reacts via an
[4 + 2]-cycloaddition to prochaetoglobosin I (63) [56].
Recently, gene disruption studies of Chaetomium globosum
revealed the enzymes involved in the final oxidative transfor-
mations leading to chaetoglobosin A (57) [57].

The diverse biological activities and unique molecular architec-
ture of the cytochalasan alkaloids have made them a famous
synthetic target. Total syntheses of several members of the
cytochalasans were reported, which were reviewed by Hertweck
and Brése [44,58]. In line with the focus on the construction of
the isoindole component, one can identify the Diels—Alder reac-
tion as the most popular strategy. A linear, biomimetic syn-
thesis using a late stage intramolecular Diels—Alder reaction
was implemented in the Stork synthesis of cytochalasin B (52)
[59] and the Thomas synthesis of cytochalasin H, D, G and O
[60-63]. An intermolecular reaction was reported for the syn-
thesis of aspochalasin B (58) by Trost and Vedejs [64-67]. The
synthesis of cytochalasin D (70) by Thomas is outlined in
Scheme 7. The intermediate 67, which contains all of the carbon
atoms of the natural product, was synthesized in eight steps
starting from the advanced building blocks 64, 65 and 66.
Selective deprotonation and trapping the so-formed enolate with

phenylselenyl chloride gave an intermediate selenide. Oxi-
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0 R2R!

R'=R? = 0, cytochalasin A (51)
R' = OH, R? = H, cytochalasin B (52)

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

R" = H, RZ = OH, periconiosin A (55)
R'=R? = O, periconiosin C (56)

Figure 5: Selected members of the cytochalasan alkaloid family.

acetyl-CoA (59) malonyl-CoA (60)

(0]

chaetoglobosin A (57) <——

prochaetoglobosin | (63)

Scheme 6: Biosynthesis of chaetoglobosin A (57) [56].

dation and elimination of the corresponding selenoxide at
elevated temperature generated the necessary dienophile, which
directly underwent an intramolecular endo-Diels—Alder reac-
tion to give the isoindolinone 68. For the synthesis of 69
another ten steps were necessary to discriminate between the
three remaining double bonds, functionalize the full carbon
skeleton and set the remaining stereocenters. Five steps,
including the exchange of protecting groups and one oxidation,
completed the synthesis of cytochalasin D (70).

chaetoglobosin A (57)

L-tryptophan (36)

aspochalasin B (58)

PKS-RNPS
—_—

Diels—Alder

In comparison to the syntheses mentioned before (Stork,
Thomas, Trost, Vedejs), the convergent approach reported by
Myers allows a modular entry to diverse members of the
cytochalasin alkaloid family [68]. As proof of concept, the
macrolactone cytochalasin B (52) and the carbocyclic cytocha-
lasin L-696,474 (78), a potent HIV-1 protease inhibitor [69-72],
were synthesized (Scheme 8). Strategic bond disconnections
revealed the common isoindolinone precursor 73. The syn-
thesis of the latter commenced from N,N-dibenzylphenylala-
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Scheme 8: Synthesis of L-696,474 (78).
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nine (71) to afford the Diels—Alder substrate 72 in four steps.
The envisioned intramolecular Diels—Alder cyclization of the
silyl enol ether 72 provided the depicted endo-diastereomer in
good yield. Exchange of the N-benzyl for a Boc-protecting
group and cleavage of the silyl enol ether gave the corres-
ponding ketone, which was first converted to an enol-triflate
and then to the tricyclic alkene 73. At this stage, the syntheses
of cytochalasin B (52) and cytochalasin L-696,474 (78)
diverged. For 78, another five steps were necessary to form the
isoindolinone 74. After oxidation of the primary alcohol with
Dess—Martin periodinane, the obtained aldehyde was coupled
with the readily available N-phenyltetrazole sulfone 75 via a
Julia—Kocienski olefination. Installation of the phosphonate
and desilylation gave 76, which, after oxidation, reacted in
the presence of sodium 2,2,2-trifluoroethanol (NaOTFE)
in 2,2,2-trifluoroethanol (TFE) via an intramolecular
Horner—Wadsworth—Emmons reaction to 77. Cytochalasin
L-696,474 (78) was obtained from 77 via reduction, acetylation
and a magnesium sulfate induced rearrangement of the epoxide
to the allylic alcohol. The synthesis of cytochalasin B 52 (15
steps from 73) proceeded in a similar fashion and was high-
lighted in detail by Hertweck [44]. The authors state that this
approach is highly diversifiable and allows for a rapid access to
a variety of members of the cytochalasin alkaloid family.

@ 7 steps
O I\E/Iecone
79
TBSO,,
[3,3]
———
Aldol RO
82a
TBSO,
Prins- ’
— Me —
Pinacol RO

®>oTBS
84

Scheme 9: Synthesis of aldehyde 85 (R = TBDPS).

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

The power of the intramolecular Diels—Alder strategy for the
synthesis of the isoindolinone moiety was also recognized
during the synthesis of aspergillin PZ (91) [73]. This secondary
metabolite has a remarkable architecture and was first isolated
from the fungus Aspergillus awamori in 2002 [74]. The highly
functionalized pentacyclic skeleton comprises a unique
12-oxatricyclo[6.3.1.0%7]dodecane ring system and ten stereo-
genic centers. Its carbon framework is closely related to other
members of the aspochalasin/cytochalasin alkaloids such as
cytochalasin D (70), which lacks the unusual oxatricyclo ring
system. The novel structure and cytotoxic activities of natural
analogues of aspergillin PZ (91) against the HL-60 cancer cell
line (IC5p = 50-80 nM) initiated Tanis’ synthetic program to
further evaluate the therapeutic potential of 91 and derivatives
thereof (Scheme 9) [73]. The synthesis could be accomplished
in 26 steps and includes two key steps: the 8-oxabi-
cyclo[3.2.1]octane unit was synthesized via an unprecedented
2-oxonia-[3,3]-sigmatropic aldol reaction cascade and the isoin-
dolinone moiety was assembled using an intramolecular
Diels—Alder reaction. The synthetic endeavor began with the
conversion of dihydropyran 79 to the acetal 80 (Scheme 9). Ac-
tivation of the anomeric position with tin(IV) chloride presum-
ably led to the formation of the oxonium ion 81. This intermedi-
ate was envisioned to undergo a Prins—Pinacol rearrangement

81
Me O
H
e
(49%) ~OR
TBSO
82b 83
7 steps l
(27%) l
Me O
|
& "'u/\OR
TBSO
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via intermediate 84 to give the cis-aldehyde 85. However, only
the diastereomeric trans-aldehyde 83 was isolated in moderate
yields from the reaction mixture. The authors concluded that a
competing 2-oxonia-[3,3]-sigmatropic aldol pathway via 82a
and 82b might be operative for this system. The stereochemical
outcome could be attributed to the sterically less demanding
transition state 82b. The epimerization of 83 to 85 proceeded
via an intermediate lactone and extended the route by seven
steps.

After having secured the cis-epimer 85, the diene moiety was
introduced in four steps to give aldehyde 86, which was reacted
with the lithium enolate of lactam 87 to furnish the aldol adduct
88 (Scheme 10). Oxidation of the secondary alcohol to the
corresponding ketone and selective selenation with phenylse-
lenyl chloride gave 89. Following the reported sequence for the
synthesis of cytochalasin D (70), namely oxidation of the
selenide to the selenoxide, elimination and intramolecular
Diels—Alder reaction, isoindolinone 90 could be obtained in
moderate yield. Removal of the protecting groups then yielded
aspergillin PZ (91).

Though having established a rather long and low yielding syn-
thesis, ample quantities could be obtained for a preliminary
evaluation of the biological activity of 79. In a first screen
against A2058 melanoma and DU145 prostate cancer cell lines,
79 showed to be inactive [73].

Isoindolinones derived from isoquinoline alkaloids: The
aporhoeadane alkaloids, a term designated by Shamma [75], are
abundantly found in South American members of the botanical
family of Berberis (Berberidaceae). Along with the ever

present isoquinoline berberine (92), the isoindole-containing
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benzazepines chilenine (93) [76], lennoxamine (94) [77] and
chilenamine (95) [78], the isoquinoline nuevamine (96) [77]
and the benzazocine magallanesine (97) [79] were isolated from
different Berberidaceae species (Figure 6).

N

chilenamine (95)

OMe

OMe

lennoxamine (94)

.y
0
o N <o N OMe
O OMe 0 % Q OMe
ol
OMe

nuevamine (96) magallanesine (97)

Figure 6: Representative Berberis alkaloids.

Chilenine (93) was the first isoindolobenzazepine alkaloid
isolated from Berberis empetrifolia in 1982. The biogenesis
proceeds most likely via a Pictet—Spengler reaction of dopamine
(99) with 4-hydroxyphenylacetaldehyde (100), both derived

o
Me NBz Me "
Me Me Me € 1.DMP
Me (\& 87 Me ﬁ\y < 2 LiHwvDs,
4 steps | -y LIHMDS Me ngz Ve then PhSeCl
—_— > ——
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Me | N —< 1.H0, m-CPBA e _Me
N, Me 2 PhMe, 100 °C Ny ([ 2steps
R
Me
f’hse (56%, 2 steps) ) 5
o} T8SO H
TBSO o) Diels—Alder
89 90 (+)-aspergillin PZ (91)

Scheme 10: Synthesis of (+)-aspergillin PZ (79) by Tanis.
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from L-tyrosine (98) (Scheme 11). After oxidation and

O-methylation, which is carried out by S-adenosylmethionine o OMe
(SAM), (S)-reticuline (101) is obtained. Oxidation of the ( EtO,C OMe
N-methyl group to the iminium ion and cyclization gives the o N+ cl

tetracyclic carbon skeleton, which upon further methylation and Me

oxidation furnishes berberine (92) [80]. Prechilenine (102), 103 O 104

itself isolated as its O-methyl ether is formed via oxidation [78]. 1. CHxClp, 0 °C

A base-catalyzed semipinacol-type rearrangement yields 93 2. aq. NaHCO,

[76]. Chilenine (93) can be further transformed to the [4.4.0]- i :;:I.:';

tricycle lennoxamine (94) and the [5.3.0]-ring system chile- 5. Lawesson’s reagent
namine (95) [77-79]. Other members such as nuevamine (96) (62%)

and magallanesine (97) contain the corresponding [4.3.0] and
[6.3.0]-scaffold.

o OMe
0o N OMe
Since their first isolation in the 80’s of the last century, a <
S
© Me
(0]

myriad of syntheses of these small, sometimes highly function-
alized and mainly biological inactive alkaloids have been
described in the literature. Most of this work is summarized in

(76%)

the syntheses of magallanesine (97) by Danishefsky and Kuri-

an excellent review by Leonard [81]. We confine this section to l (MeO),CHNMe,

hara, which were also mentioned by Evans and Bentley [82,83].

Magallanesine (97), which was isolated in 1985 from Berberis
darwinii, a plant native to southern Chile and Argentina, is the
first known isoindolobenzazocine alkaloid. The seminal total

synthesis of 97 was achieved in the group of Danishefsky | ne (97
(Scheme 12) using a dimethylformamide acetal-mediated magallanesine (97)

cyclodehydration of 105. The isoindole unit of 105 was

. Scheme 12: Synthesis of magallanesine (97) by Danishefsky [84].
prepared from the condensation of 103 and 104. Oxygen—sulfur y 9 (87) by yio4l

HO
NH2 MeO
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Scheme 11: Proposed biosynthetic pathway to chilenine (93).
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exchange provided the thiophthalimide 105, which could be
converted to magallanesine (97) via an intramolecular aldol

condensation in one step [84].

In 1996, Kurihara (Scheme 13) reported a [1,2]-Meisenheimer
rearrangement followed by an intramolecular Heck cyclization
to elaborate the isoindolobenzazocine moiety [85]. The syn-
thesis commenced with the preparation of ester 106 from piper-
onal according to a known procedure [86]. A four-step sequence
yielded azetidine 107. After oxidation with hydrogen peroxide,
the resulting N-oxide cleanly underwent a [1,2]-Meisenheimer
rearrangement upon heating in tetrahydrofuran. The so-formed
azocine 108 was converted to amine 109 by hydrogenolysis of
the N—O bond. Amide formation with acid chloride 110 gave
111, which upon sequential oxidation yielded enaminone 112.
Finally, the isoindolinone moiety was generated via an
intramolecular Heck reaction using tetrakis(triphenylphos-
phine)palladium(0) and thallium acetate, to give magallanesine
(97) in excellent yield [85].

Aporphine alkaloids: The aristolactam alkaloids are classified
as members of the aporphine alkaloid family and contain a char-
acteristic phenanthrene lactam core. Aristolactams (113-116)
along with aristolochic acids (117,118) and 4,5-dioxoapor-
phines (119,120) were mainly isolated from Aristolochiaceae

but can also be found in several other plant species (Table 1)

1. Hp, PdIC
2. LiAlH,
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Scheme 13: Kurihara’s synthesis of magallanesine (85).
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[87-92]. Several comprehensive overviews of various aristolac-
tams were published by Shamma, Parmar and Bentley [87,92-
95].

The co-occurrence of aristolactams, aristolochic acids and 4,5-
dioxoaporphines led to the assumption of a close biogenetic
relationship between these three classes [87,96]. The biosyn-
thesis of aristolochic acid I (117) was elucidated via labeling
experiments and is depicted in Scheme 14 [97-100]. First, two
molecules of the amino acid L-tyrosine (98) are transformed to
(R)-orientaline (121) in a similar fashion as described for the
biogenesis of (S)-reticuline (101) (compare Scheme 11). A
de-aromatizing spirocyclization of 121 leads to (R)-orientali-
none (122), which, after reduction of the ketone to the second-
ary alcohol 123, undergoes a [1,2]-alkyl migration with
concomitant loss of water. Re-aromatization and dioxolane for-
mation gives stephanine (124). It is hypothesized that direct oxi-
dation of 124 forms 4,5-dioxoaporphine 125, which upon
benzilic acid rearrangement, N-methyl cleavage and decarboxy-
lation provides aristolactam I (113) [96]. Additional oxidation
of the amide function furnishes aristolochic acid I (117).

The aristolactams and aristolochic acids have a broad spectrum
of biologically interesting properties. Although both can be
isolated from the same plants, their biological activity is highly

variable. Herbal drugs containing aristolochic acids display

1. 35% H,0, 0 N Ha, Pd/C
—_ = < o~ — >
N 2. THF, reflux o
(64%) (64%)
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Q  OMe ome 2 LIHMDS, (PhS),
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Table 1: Selected members of the aporphine alkaloid family.

1 o)
R 0
NH
R2? O
R3
R4 O R6
RS

aristolactam

aristolochic acid
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Scheme 14: Proposed biosynthesis of 113, 117 and 125.

cytotoxic activities and inhibitory effects on platelet aggrega-
tion and were traditionally used in folk medicine [101].
However, since the early 1980’s aristolochic acids are asso-
ciated with the development of several cancer types and
nephropathy (Chinese herbs nephropathy). The mechanism for
the formation of covalent DNA adducts is shown in Scheme 15

(R)-orientalinone (122)

benZ|I|c acid
rearrangement

123

o CO,H
4 l
NH (o) NO,
o o
| = oM
OMe ©
aristolactam | (113) aristolochic acid | (117)

[102,103]. The DNA damage is initiated by metabolic reduc-
tion and cyclization of 117 to N-hydroxyaristolactam 126. After
loss of water, the aristolactam nitrenium ion 127, which is
believed to be the main carcinogen, reacts with DNA bases such
as adenosine, to give the corresponding 7-(deoxyadenosin-N®-
yl)aristolactam I (dA-AAI, 128).
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Scheme 15: DNA lesion caused by aristolochic acid | (117) [102].

Interestingly, aristolactams are not mutagenic themselves but
show immunosuppressant [104], antiplatelet [105], antimy-
cobacterial [106], neuroprotective [107] activities and are excel-
lent inhibitors of cyclin-dependent kinases (CDKs) with I1Cs
values in the nanomolar range [108,109]. CDKs are regulatory
proteins, which play an important role in the cell cycle and are
considered to be a potential target for anticancer treatment. This
makes the aristolactams promising lead components for further
drug discovery [108]. The similarity of the aromatic moiety of
aristolactams and staurosporines, which are also known to be
potent kinase inhibitors could explain the observed inhibition of
cyclin-dependent kinases [109]. Over the past years, consider-
able synthetic efforts have been dedicated to the aristolactams
and the development of non-natural analogues.

Pioneering work was carried out in the groups of Castedo [110]
and Couture [111,112]. A beautiful application of a directed
ortho-metalation (DoM) strategy was reported in the synthesis

OMe OMe
MeO MeO
O Et,NLi O
N
MeO NMe, — > MeO
Mo (61%)
129 130

Scheme 16: Snieckus’ synthesis of piperolactam C (131).
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of piperolactam C (131) by Snieckus (Scheme 16) [113]. Treat-
ment of 129 with base afforded aminophenanthrene 130 via a
remote lateral metalation—cyclization sequence. Metalation of
130 with excess n-butyllithium followed by carbonation then
yielded piperolactam C (131).

In 2008, Heo and coworkers reported the synthesis of several
aristolactams employing a one-pot cross-coupling/aldol conden-
sation cascade reaction (Scheme 17) [91]. The synthesis
commenced with the preparation of the isoindolinone building
block 134. Friedel-Crafts acetylation of 132, followed by a
Lieben haloform degradation gave the corresponding acid,
which after methylation yielded 133. Bromination and lactam
formation afforded isoindolinone 134. The following one-pot
Suzuki—Miyaura/aldol condensation of 134 with boronic acid
135 was carried out at 150 °C in a microwave reactor and gave

1. Br2
MeO 1. Ac0 2.NBS,
2.NaOBr MeO AIBN
OMe
MeO Me 3. p-TsOH, 3. NH3
MeOH MeO Me
0,
132 (80%) 133 (81%)
MeO B(OH), Pd(PPh)z;, Cs,COs3,
NH  + CHO p-wave, 150 °C
MeO (81%)
Br
Suzuki—-Miyaura
134 135
(6]
MeO
O NH
MeO

aristolactam Bll (115)

Scheme 17: Synthesis of aristolactam Bll (104).

OMe o)

NH

piperolactam C (131)

1.10 equiv n-BuLi  MeO

NH, 250 MeO

(43%)
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aristolactam BII (115) in good yield. By variation of the
coupling partners, Heo was able to efficiently synthesize a

library of natural and non-natural analogues.

Cularine alkaloids: Another prominent class of isoquinoline
alkaloids, typically found in the botanical family of Fumari-
aceae and in particular in Sarcocapnos enneaphylla, are the
cularines (136-142) (Figure 7) [114-116]. In comparison to the
related aporphine alkaloids, the cularine skeleton contains a
benzoxepine ring system. The parent alkaloid (+)-cularine (138)
was first isolated by Manske in 1938 [117], and its molecular
skeleton was assigned on the basis of NMR and X-ray crystallo-
graphic studies. The structure elucidation revealed a twist-boat
conformation of the dihydrooxepine ring [118-120]. Within this

MeO R?
R' = OMe, R?=H, aristoyagonine (136)
R' = H, R?= OMe, aristocularine (137)

Figure 7: Representative cularine alkaloids.

L-tyrosine
—

(98)
(S)-7-O-demthyl-norjuziphine
(143)
o}
CL
NM
[0] MeO e
— 3 \ - o
benzilic acid
MeO O rearrangement

yagonine (146)

Scheme 18: Proposed biosynthesis of 136.

R'= OMe, RZ=R3 = OMe, cularine (138)
R'= OH, R2= R3 = OMe, cularidine (139)
R' = OH, R2 = R3= 0-CH,-O, cularcine (140)

(S)-crassifoline
(144)
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family, aristoyagonine (136), which was first isolated by
Castedo in 1984, is the only known naturally occurring member
of the cularine alkaloids bearing an isoindolinone moiety [121].
Aristocularine (137), a synthetic derivative of aristoyagonine
(136), is known to display cytotoxic activities in the micro-
molar range [122].

Biosynthetically, the cularines can be traced back to L-tyrosine
(98) (Scheme 18) [123,124]. Incorporation of radioactively
labeled L-tyrosine into crassifoline (144), which is an estab-
lished cularine precursor, most likely occurs via alkaloid 143.
Hydroxylation and sequential methylation of 143 leads to 144.
Oxidative phenol coupling then forms the cularine alkaloid
skeleton. The generated cularine enneaphylline (145) and the

MeO

R' = OMe, sarcocapnidine (141)
R' = OH, claviculine (142)

oxidative

coupling

MeO R2

R! = H, R2 = OH, enneaphylline (145)
R' = OH, R? = H, sarcocapnidine (141)

aristoyagonine (136)
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regioisomeric iso-cularine sarcocapnidine (141) could serve as
branching points for the synthesis of further cularine deriva-
tives. Sequential oxidations of 141, similar to the biosynthesis
of the aristolactams (Scheme 14), yields yagonine (146), which
could be converted to aristoyagonine (136) via a benzilic acid-
type rearrangement [121].

The first syntheses of aristoyagonine (136) were reported by
Castedo and Suau (Scheme 19) [121,122,125-127]. The ap-
proach carried out by Castedo relied on 3-hydroxysarcocapnine
(147), which could either be isolated from natural sources or
prepared via an Ullmann coupling of a 1-(2-bromobenzyl)-8-
hydroxyisoquinoline derivative [121,125]. Oxidation of 147
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) gave
the dioxocularine yagonine (146). The bioinspired, base-medi-
ated transformation of 146 to 136 obviously proceeds via a

benzilic acid rearrangement—oxidation sequence.

In 1996, the group of Suau accessed aristocularine 137 along
with 149 in one step from acetamide 148. In the presence of
oxalyl chloride and the Lewis acid tin(IV) chloride, a tandem
cyclization (Bischler—Napieralski/Friedel-Crafts acylation reac-
tion) was triggered to directly give 137 and 149 [122,127].

In 2006, another approach to aristoyagonine (136) was reported
by the group of Couture (Scheme 20) [128]. For the preparation
of 136, their previously developed procedures for the syntheses
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Scheme 20: Synthesis of 136 by Couture.
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Scheme 19: The syntheses of 136 and 137 reported by Castedo and Suau.
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of aristolactams were adopted [111,112]. The synthesis
commenced with the generation of the amide 152 from the
coupling of 150 with 151. Exposure of 152 to potassium
bis(trimethylsilyl)amide gave the isoindolinone 153 via an
intramolecular addition—elimination reaction. In the presence of
the aldehyde 154, 153 underwent a Horner—Wittig reaction to
generate 155 as a 1:2.3 mixture of £- and Z-isomers. Treatment
of 155 with boron trichloride not only liberated the phenol but
also isomerized the E-double bond to the Z-isomer. Finally, a
copper(ll) triflate-catalyzed Ullmann coupling furnished 136.

Meroterpenoids: The term meroterpenoids describes a family
of natural products with a mixed biosynthetic origin, partially
derived from terpenoids and polyketides [129]. Several

HN

HO™ ~y¢
Me Me

stachyflin (156)

stachybotrylactam | (157)

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

members of this class containing an isoindolinone motif, for
instance compounds 156, 157 and 159-161, can be extracted
from Stachybotrys fungi (Figure 8) [130-135]. Memnobotrin A
(158) is found in the closely related Memnoniella echinata
fungus [136], and hericenone B (162) and erinacerin A (163)
were isolated from the mushroom Hericium erinaceum
[137,138]. Another member of this family, aspernidine A (164),
was recently isolated form the fungus Aspergillus nidulans by
Hertweck [139]. A comprehensive review about meroter-
penoids produced by fungi was published by Simpson in 2009
[140]. The isolated molecules display a broad spectrum of
interesting biological properties, such as high antiviral activity
(156) [141], inhibition of the HIV-1 protease (157) [132],
antibacterial and antifungal activities (159-160) [133] or neuri-
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Me Me
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Figure 8: Representative isoindolinone meroterpenoids.
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togenic properties (161) [134]. So far, only a few total syntheses
were accomplished and the exact biosynthetic pathways are

unknown.

The sesquiterpenoid stachyflin (156) was first isolated from the
fungus Stachybotrys sp. RF-7260 by Shionogi & Co., Ltd.,
Japan, in 1997 [130] and shows outstanding antiviral activity
against the influenza A subtype HIN1 (IC5q9 = 3 nM), outper-
forming current drugs such as amantadine and zanamivir [141].
The putative biosynthesis of 156, which contains a pentacyclic
ring system with a cis-fused decalin is depicted in Scheme 21.
Farnesyl pyrophosphate (167), which originates from the
terpenoid pathway through the condensation of dimethylallyl
pyrophosphate (DMAPP, 165) with two units of isopentyl
pyrophosphate (IPP, 166), and orsellinic acid (168), which is
derived from a fungal iterative type I polyketide pathway [142],
are connected to give 169. This substrate is already poised for a
polyene cyclization cascade, which only has to be triggered via
activation of the epoxide. After the decalin moiety has formed,
two sigmatropic, stereospecific [1,2]-shifts of intermediate 170
provide the tertiary carbocation 171, which could be trapped by
the phenolic alcohol to give stachyflin (156) [143].

In 2011, the first enantioselective total synthesis of (+)-
stachyflin (156) via a Lewis acid induced domino epoxide-
opening/rearrangement/cyclization cascade was accomplished
by the group of Katoh (Scheme 22) [144]. The synthesis

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

commenced with the conversion of dimethyl 2,6-dihydroxy-
terephthalate (172) to nitrile 173 within five consecutive steps.
Hydrogenation and lactam formation of 173 gave isoindolinone
174, which was converted to bromide 175. Reductive alkyl-
ation of the protected Wieland—Miescher ketone 176 with bro-
mide 175 using Birch conditions gave 177 as a single diastereo-
isomer. Epoxide 178 could be prepared in seven steps from 177,
but was obtained as a mixture of inseparable diastereoisomers.
The Lewis acid induced key step, a domino epoxide-opening/
rearrangement/cyclization cascade, most likely proceeded in a
stepwise manner via intermediate 179. Activation of the
epoxide with boron trifluoride etherate induces the planned
sigmatropic [1,2]-methyl and [1,2]-hydride shifts to generate
the tertiary carbocation at the ring junction. This is then trapped
by the phenol to give the pentacyclic compounds 180a and
180b. The former diastereoisomer could be converted to 180b
via inversion of the secondary alcohol. Cleavage of the methyl
ether and the 3,4-dimethoxybenzyl (>*DMB) group of 180b led
to (+)-stachyflin (156). The synthesis proceeded in 25 steps
with an overall yield of 2.6%.

Another novel class of isoindolinone-containing natural prod-
ucts, categorized as spirodihydrobenzofuranlactams or stachy-
botrylactams (157, 181, 182), was isolated from different
Stachybotrys species by Jarvis and Roggo between 1995 and
1996 (Figure 9) [131,132]. These compounds are antagonists of
endothelin and display strong immunosuppressant activities.

Me OH (e} OH
Me
Me)\/\opp " | N CoAS O
DMAPP -, eF = HO Me  ~— malonyl-CoA
Me (165) Me CH; OPP (60) 9
NOPP f | hosphat OII' 'OH'd ol Me”  SCoA
arnesyl pyrophosphate orsellinic aci
PP pathway pathway acetyl-CoA
(166) (1T7) (168) (59)
O 0]
HN HN
OH polyene OH stereospecific OH cyclization OH
_— —_— HO Me \ O Me
cyclization [1,2]-shifts R 3 3

156

Scheme 21: Postulated biosynthetic pathway for the formation of 156 (adopted from George) [143].
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Figure 9: Selected examples of spirodihydrobenzofuranlactams.
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The pseudosymmetric dimer stachybocin A (182), which was
isolated by Ogawa in 1995 [145], constitutes the most potent
representative [132]. Oxidation of the isoindolinone unit of 157
gives the relatively scarce phthalimide motif, which is present
in stachybotrylactam V (181).

To date, only one enantioselective total synthesis of spirodihy-
drobenzofuranlactam I 157 has been published (Scheme 23)
[146]. The synthesis carried out by the group of Guo
commenced with frans-decalone 183, which was derived from
the Wieland—Miescher ketone. For the conversion of 183 to the
o,B-unsaturated aldehyde 184 six steps were necessary.
Halogen—metal exchange of 185 with n-butyllithium followed
by the addition of 184 gave the carbinol 186 in good yield.
Removal of the benzyl groups, cleavage of the fert-butyl group
with concomitant formation of the methoxy ester (COO#-Bu —
COOMe), and global deprotection gave 187. Acid-catalyzed
(Amberlyst 15) spiroannulation afforded a 1.7:1 mixture of the
benzofuran and the benzopyran (90% overall conversion). For
the installation of the isoindolinone, a seven-step sequence

similar to the one described for stachyflin (156) was used

6 steps
_—
—_—
BnO™ (49%) Bno™
183 184
CO,t-Bu
CO,t-Bu
BnO OBn 1. NaBH;CN, Znl,
Br 2. SOCl,, MeOH
185 3. Ra-Ni, Hy
_—
n-BuLi 4. H,, Pd/IC
85%) BnO" '} (69%)
Me Me
186

187 stachybotrylactam | (157)

Scheme 23: Synthesis of stachybotrylactam | (157).
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(Scheme 23). The arene appendage was desymmetrized via
monobromination and cross coupling with copper cyanide
provided a nitrile. Hydrogenation and lactam formation under
basic conditions completed the synthesis of stachybotrylactam I
(157).

Chlorinated isoindolinone alkaloids: Pestalachloride A (193)
was isolated from the plant endophytic fungus Pestalotiopsis
adusta as a racemate and displays potent antifungal activities
against Fusarium culmorum (1C50 = 0.89 pM) [147]. Pestalone
(192), a natural product and synthetic precursor of 193 shows
strong antibiotic activity against methicillin-resistant Staphylo-
coccus aureus (MRSA, MIC = 84 nM) and vancomycin-resis-
tant Enterococcus (VRE, MIC = 178 nM) [148]. The structural
similarity between pestalachloride A (193) and pestalone (192),
which both contain the same prenylated polyketide core imply a
direct biosynthetic relationship [147]. The reaction of 192 with
an equivalent of ammonia gives a cyclic iminohemiaminal,
which first tautomerizes to the hydroxy isoindole and then to
the isoindolinone 193. This biosynthetic transformation was
also used in the total synthesis of 193 by Schmalz (Scheme 24)

Me
Cl Cl
MeO OMe
Br
188 n-BuLi
+ (82%)
CHO
Br. Br
MeO OMe
189
5 steps
—_—
—_—
(37%)

NHa/NH,CI
R

(48%)

pestalachloride A (193)

pestalone (192)

Scheme 24: Synthesis of pestalachloride A (193) by Schmalz.
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[149]. Reaction of lithiated 188 (three steps from commercially
available 5-methylresorcinol) with the aldehyde 189 (double
bromination of 3,5-dimethoxybenzaldehyde) gave the racemic
alcohol 190.

Oxidation to the benzophenone, installation of the prenyl side
chain and introduction of the formyl group was accomplished
within five steps to give 191a (Scheme 25). The envisioned
deprotection of 191a using Lewis acidic conditions led to an
unexpected and unprecedented metal-free carbonyl-olefin
metathesis. Coordination of boron trifluoride etherate to 191a
promotes the formation of the tertiary carbenium ion 194, which
isomerizes via the oxetane intermediate 195 to the benzylic
cation 196. Expulsion of acetone then yields indene 197 in
excellent yield. Avoiding this side reaction could only be
achieved by exchanging the methyl ether protecting group for a
more labile methoxymethyl ether at the benzophenone stage.
The following prenylation and formylation proceeded smoothly
under the same conditions to give 191b (Scheme 24). Cleavage
of the MOM ethers afforded pestalone (192), which could be
converted into 193 in a single step by treatment of 192 with

ammonia in aqueous ammonium chloride solution (pH 8).

Muironolide A (204) was isolated by Molinski from the marine
sponge Phorbas sp. in 2009 [150]. The molecular framework of
this unique natural product has a hexahydro-1H-isoindolinone-
triketide, a trans-2-chlorocyclopropane and a trichlorocarbinol
ester. A first biological evaluation showed that 204 displays
antifungal activity. However, only 90 pg could be isolated and

metal-free carbonyl—
olefin metathesis

Beilstein J. Org. Chem. 2013, 9, 2048-2078.

further biological screening was not possible [151]. Several
sponge-derived macrolides have proven to be effective cyto-
toxic agents [152,153] and one could speculate that muirono-
lide A (204) shares this potential. A first attempt to access 204
in the laboratory was reported by Molinski shortly after the
isolation (Scheme 26) [151]. Coupling of the dienophile
precursor 198 with sorbic acid (199) gave a tertiary amide,
which was converted to 200 via a reduction—oxidation
sequence. The asymmetric intramolecular Diels—Alder reaction
was then catalyzed by Kristensens’ catalyst (201) to give 202. A
base-promoted epimerization of the aldehyde and a
Horner—Wadsworth-Emmons reaction furnished 203, the most
advanced intermediate reported so far.

Just recently, the group of Zakarian reported another approach
to the fully elaborated isoindolinone core of 204 [154].

Chlorizidine A (208) (Scheme 27), a cytotoxic metabolite from
a marine Streptomyces species shows an unprecedented
SH-pyrrolo[2,1-alisoindolinone ring system, which is connected
to a dichlorinated pyrrolizine [155]. Chlorizidine A (208) and
its semisynthetic derivatives display significant cytotoxic activi-
ties against various human cancer cell lines. The ICs( value of
208 against the colon cancer cell line HCT-116 was determined
to be in the micromolar range (3.2—4.9 uM) [155]. A first
biosynthesis was postulated on the basis of the structural simi-
larity between 208 and marinopyrrole A, another secondary
metabolite derived from a marine Streptomyces species [156].
The common biosynthetic precursor 206 stems from a mixed

(84%)

Y

Scheme 25: Proposed mechanism for the BF 3-catalyzed metal-free carbonyl-olefin metathesis [149].
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nonribosomal peptide synthetase (NRPS)/polyketide synthase
(PKS) pathway. The amino acid proline is first oxidized and

chlorinated by an FADH;-dependent halogenase to give 205,

which after extension by the polyketide synthase gives the
polyketides 206 and 207, respectively. The intermolecular con-
densation of these two components yields chlorizidine A (208)
[155].

Anthraquinone-type alkaloids: Lactonamycin (215) and
lactonamycin Z (217) were isolated from Streptomyces
rishiriensis and Streptomyces anglieri in 1996 and 2003
[157,158]. Both compounds are potent antibacterial agents
against Gram-positive bacteria, including methicillin-resistant

Staphylococcus aureus (MRSA) and vancomycin-resistant

Beilstein J. Org. Chem. 2013, 9, 2048-2078.
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Scheme 27: Proposed biosynthesis of 208.

Enterococcus (VRE) [159]. Beyond that, the modest cytotoxic
activity of 215 and 217 against human cancer cell lines makes
them interesting lead components for drug discovery. The ICs
values of 215 for different leukemia cell lines range from
0.11-0.22 puM. For 217, an ICs¢ value of 0.32 pM against
gastric adenocarcinoma was observed [157,158]. The hexa-
cyclic aglycone of 215 and 217, lactonamycinone (214),
consists of a densely oxygenated fused hydrofuran—hydrofura-
none and a naphta[e]isoindole ring system. The core of lactona-
mycin (215) is decorated with the 2-deoxysugar a-L-rhodino-
pyranose (216), whereas a-L-2,6-dideoxyribopyranose (218) is
found in 217. The structure of the aglycone 214 is related to
tetracenomycins, a family of tetracyclic aromatic polyketides,
which are produced by several Streptomyces species [159].
Biosynthetic investigations revealed a striking similarity of the
gene cluster responsible for the biogenesis of lactonamycinone
(214) to those clusters found in tetracenomycin-producing
bacteria. Cloning experiments and incorporation of various
labeled precursors resulted in a first hypothesis for the biogen-
esis of 215 and 217 (Scheme 28) [159]. This led to the assump-
tion that the aglycone 214 is assembled from nine acetate units
and glycine, respectively N-methylglycine derivative, which
contributes both carbon atoms and the nitrogen to the skeleton
of 210 (position 12 and 12a). The latter are uncommon starter
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units in a type II polyketide assembly line [160]. Upon oxida-
tive cleavage of the D-ring of the putative tetracenomycin-like
intermediate 210, the aldehyde 211 is reduced to the corres-
ponding alcohol 212. Acetalization and introduction of the 1,2-
cis-diol moiety furnishes 213. Sequential formation of the
lactone and the isoindolinone generates 214. A final glycosyl-
ation step leads to lactonamycin (215) and lactonamycin Z
(217).

The remarkable structure and the promising biological activi-
ties have attracted many synthetic groups. Several total
syntheses of 215 and 217 were reported in recent years [161]
(and references therein). The group of Danishefsky was the first
to report a diastereoselective synthesis of lactonamycinone
(214) employing a Diels—Alder reaction [162,163]. In 2010,
Tastuta completed the first total synthesis of lactonamycin (215)
by using a sequential conjugate addition, a stereoselective
glycosylation reaction and a Michael-Dieckmann-type cycliza-
tion [164]. The recently published total synthesis of lactona-
mycin (215) and lactonamycin Z (217) by Saikawa and Nakata
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216

lactonamycin Z, R2 =

Sty
HO Q

218

is based on a late-stage glycosylation strategy (Scheme 29).
This enables the specific variation of the sugar components and
gives access to various lactonamycin derivatives [161].

Starting from alcohol 219, the diene precursor 220 could be
prepared in seven steps. The following Diels—Alder reaction
with chloroethynylquinone 221, which was synthesized
according to a known procedure [165] proceeded in a highly
regioselective manner to give antharaquinone 222. Introduction
of the fused hydrofuran—hydrofuranone moiety was
accomplished via deprotection, palladium-catalyzed cycliza-
tion—methoxycarbonylation [166] and an acid-catalyzed lactone
formation to afford 223. For the generation of the isoindolinone
via a Bischler—Napieralski reaction, a chloroacetyl (CA)-
protected phenol was essential to avoid competing carbamate
formation of the starting material. Upon exposure of 223 to
phosphorus pentoxide, the desired isoindolinone 224 was
formed in 75% yield. Deprotection led to lactonamycinone
(214), which was the substrate for a ytterbium triflate-catalyzed
glycosylation to give 215 and 217, respectively.
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Scheme 29: Synthesis of lactonamycin (215) and lactonamycin Z (217).

Miscellaneous: At first glance, the hetisine alkaloids do not
show any structural similarities with the compound classes
described before. However, though lacking an “intact” isoin-
dole core, one can spot the corresponding perhydro motif. Since
their first discovery more than 70 years ago, more than 100
different hetisine alkaloids have been isolated from different
species of the plants Aconitum and Delphinium, and to a lesser
extend from Rumex, Consolida and Spiraea [167,168]. These
plants have been widely used in traditional herbal medicine and
further pharmacological studies revealed that hetisine alkaloids
are highly bioactive compounds [167,168]. The diverse spec-
trum includes vasodilatoring, anti-arrhythmic, immunomodu-
lating and analgesic activities. Hetisines can be classified,
according to Wang and Liang, as C(-diterpenoid alkaloids,
which belong to the family of atisane alkaloids [167]. The
hetisines comprise a heptacyclic core and are structurally the
most complex members derived from the atisine skeleton. The

most prominent representatives, nominine (225) [169,170],

kobusine (226) [171,172], pseudokobusine (227) [173,174] and
hetisine (228) [174-176] are depicted in Figure 10.

The putative biosynthetic pathway for the formation of the heti-
sine alkaloids is derived from phytochemical data and basic
biochemical transformations (Scheme 30) [167]. Cyclization of
geranylgeranyl pyrophosphate (229), involving the ent-copalyl
diphosphate synthase, could give ent-copalyl diphosphate (230).
After loss of the pyrophosphate group and double cyclization, a
1,3-hydride shift and Wagner—Meerwein rearrangement leads to
the naturally occurring ent-atisir-16-ene (231). Oxidative
incorporation of nitrogen, which might be derived from
B-aminoethanol, generates the atisine-type skeleton 232. Oxida-
tive C—C-bond formation gives the hetidine core (233) and
C-N-bond formation the hetisine skeleton (234).

The first total synthesis of a hetisine-type alkaloid was accom-
plished by Muratake and Natsume in 2004 [177]. In their
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nominine (225)
(R, R%, R3, R4 R =H; R = OH)
kobusine (226)
(R, R2, R*, R%= H; R3, R® = OH)
pseudokobusine (227)
(R', R, R* = H; R%, R® R% = OH)

nominine (225)

Figure 10: Hetisine alkaloids 225-228.
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Scheme 30: Biosynthetic proposal for the formation of the hetisine core [167].

seminal work, (£)-nominine (225) was synthesized within 40
steps and 0.15% overall yield. Two years later, a more concise
and efficient access to (+)-nominine (225), featuring a oxidoiso-
quinolinium-1,3-dipolar cycloaddition and a dienamine-
Diels—Alder reaction, was accomplished by Gin (Scheme 31)
[178]. Coupling of 235 and 236, both synthesized within three
steps from simple starting materials, via a Staudinger—aza-

Wittig reaction gave amine 237 as a mixture of four diastereo-

isomers. Conversion into 4-oxido-isoquinolinium betaine 238
could be achieved by an acid-catalyzed methanol extrusion and
isomerization. Betaine 238 served as the substrate for the
following 1,3-aza-dipolar cycloaddition. Carrying out the reac-
tion at 180 °C in tetrahydrofuran provided a separable mixture
of pyrrolidine isomers 241 and 242 (1:3.6). The undesired
cycloadduct 242 could be equilibrated to 241 due to the revers-
ibility of the reaction. Conversion to the fB,y-cyclohexenone 243
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was accomplished within 6 consecutive steps. Generation of the
dienamine 244 with pyrrolidine in methanol at 60 °C triggered
an intramolecular Diels—Alder reaction to provide the full
carbon skeleton 245. The final transformations of the synthesis
involved a Wittig olefination of the ketone and a diastereoselec-
tive allylic oxidation to provide (+)-nominine (225). In 2008,
the same group reported the first total synthesis of (+)-nomi-
nine by introducing the desired stereochemical information to
the nitrile 235 [179].

Conclusion

The outlined syntheses of natural products containing the
uncommon isoindole skeleton are still far away from being
ideal. Low yielding multistep strategies dominate for more
complex molecules and often cannot provide the amounts
necessary for further investigations. Several biologically active
members are still precluded from extensive biological studies
due to their low abundance in nature. This and the fact, that
many compounds are underexplored offers plenty opportunities
for the development of innovative chemical transformations.
The biosynthesis of many isoindole natural products is still
uncertain and has yet to be unraveled. The presented examples
could serve as an inspiration for the development of novel syn-
thetic methods, new biosynthetic insights and drug develop-
ment. Considerably more discoveries remain to be uncovered

through exciting projects.
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A synthesis of anthracycline aglycone derivatives is described. The key step utilizes a powerful domino carbopalladation approach

and subsequent ring closure. During this process two of the four rings of the anthracycline scaffold are formed. Differently substi-

tuted carbohydrates and dialkyne chains serve as versatile and simple starting materials for the reaction sequence. Diverse building

blocks lead to a variety of different products and a broad range of structural diversity.

Introduction

Anthracyclines are a widespread class of natural products which
belong to the group of aromatic polyketides [1]. Most of them
have been isolated from bacteria of the order Streptomycetales.
The group of Brockmann, who first found anthracyclines in
1963, described them as red to orange dyes [2]. Their structure
elucidation revealed a linear fourfold annulated ring system
including two benzene units (A-ring and C-ring). The substitu-
tion pattern of the D-ring bares most of the functionalities, i.e.,
a secondary and a tertiary alcohol, the former of which is
commonly glycosylated with 2,6-dideoxy sugars (Figure 1) [3].
These carbohydrates are of highest importance for the bio-

logical activity of anthracyclines and bind to the minor groove

of double-stranded DNA [4,5]. While the mode of action of
anthracyclines is still not fully understood, it is widely accepted
that these chemotherapeutic agents form a ternary complex with
double-stranded DNA and topoisomerase I thereby leading to
DNA damage and cell death [6,7]. They are used to treat
different types of diseases such as leukemias, lymphomas,
breast, uterine, ovarian and lung cancers [8].

Thus, many research groups faced the challenge of investi-
gating suitable pathways for the synthesis of diverse anthracy-
cline natural products and mimics thereof. Because of the

inherent lack of efficient synthetic approaches to anthracyclines
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R!=0OMe, R2=H
R!= OMe, R = OH
R'=H,R2=H

Daunomycin (a):
Doxorubicin (b):
Idarubicin (c):

Figure 1: Several natural occurring anthracycline antibiotics.

many industrial approaches still rely on the use of recombinant
microorganisms with a mutated gene of the anthracycline
metabolism [9].

Different convenient synthetic transformations involve the
application of a Diels—Alder reaction as key step for the aspired
synthesis [10-13]. A classical synthesis was published in 1988
by Hansen where a silyl-substituted diene 3 was used for the
[4 + 2]-cycloaddition (Scheme 1) [14]. Starting from bisquinone
4 the annulated ring system 5 is obtained in a 1:1 mixture of cis-
endo regioisomers. Subsequent aromatization of the C-ring and
several additional steps generated the daunomycin aglycon 6
and the corresponding isodaunomycin aglycone (dependent on
the regioisomers) in a total of 16 steps.

1) toluene/NEts, 150 °C, 2 h

Beilstein J. Org. Chem. 2013, 9, 2194-2201.
O O
OH X OAc
)\ —_— +
S Z
T™MS OMe O O

2 3 4
l CH,Cly, 17 h, 40 °C

o O

(LT

OMeO O TMS

OAc

—

6

Scheme 1: Total synthesis of daunomycinone 6 according to Hansen.

In 2003, Saa published a concise route to anthraquinone deriva-
tives by using an intramolecular dehydro-Diels—Alder reaction
of an aryldiacetylene system (Scheme 2) [15]. Compound 7
reacts at high temperature in a mixture consisting of toluene and
triethylamine to an inseparable mixture of cyclized diol (52%)
and quinone 8 (36%). Quantitative oxidation of the diol by
MnO; provided the desired tetracycle 8 in 88% overall yield
(over two steps). Another approach to non-linear systems
utilizes a cobalt-mediated intramolecular [2 + 2 + 2]-cycloaddi-
tion of a triyne system 9 leading to the fourfold annulated ring
system 10 in only one step [16]. Late stage functionalization led
to the anticipated structural motif in a few additional steps.

2) MnO,, CH,Cly, 25 °C

[CpCo(C2Ha)2] (1.0 equiv)

OMe

Scheme 2: Synthesis of simplified anthracycline derivatives.

Et,0,60°C—0°C,4h

Y

OMe
10 (93%)
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Results and Discussion
Retrosynthetic strategy

After having established several methods of domino carbopalla-
dation reactions which employ dialkynyl-substituted bromogly-
cals [17-20] or bromoarenes [21], we envisioned to apply a
similar procedure for the preparation of anthracycline deriva-
tives. Therefore, the D-ring was exchanged for a pyranose, as
described in our previous synthetic approaches for the syntheses
of chromans, isochromans and biphenyls, respectively. These
2-bromoglycals 15 are well-known compounds and their syn-
thesis was accomplished according to literature-known pro-
cedures [17,18]. The dialkyne unit provides both the A-ring and
the information for the formation of the B and C-ring within the
palladium-catalyzed domino transformation [22-27]. Such an
approach should allow an easy differentiation between all four
annulated cycles and their possible modification, whereupon the
main focus was the preparation of several D-ring derivatives.

The anthraquinone moiety 11 should be formed within the last
steps of the synthetic approach by benzylic oxidation of com-
pound 12 (Scheme 3). The terminal silyl group and the silyl
ether should be removed by using hydrolysis and fluoride-medi-
ated desilylation, respectively. It was assumed that the multiple
carbopalladation/cyclization sequence should give access to the
fourfold-annulated ring system 13 in a single step. However, we
knew that the domino process works much better in an intra-
than in an intermolecular fashion [19]. Thus, we decided to
employ a silyl ether moiety to connect both subunits 15 and 16.
As the terminus of the other alkyne unit we also chose a silyl
group. Depending on the kind of the silyl group a variety of
further functionalization might be envisioned. Respective silyl-

1 \ benzylic
oxidation

Si—= N Ne
0= 0, =
HSI—= RO Br
0 OH

17 16

Beilstein J. Org. Chem. 2013, 9, 2194-2201.

substituted diynes 16 can be traced back to phthalide (17). To
differentiate between the insertion of two differently substi-
tuted silylacetylenes, the lactone 17 had to be first converted
into a monoprotected diol for further transformations.

Synthesis of dialkyne building blocks

The choice of the right diyne is crucial for a successful syn-
thesis of the target compound. Preliminary investigations had
shown that both dialkynes with benzylic hydroxy functionali-
ties and 1,2-bis(2-propynyl)benzene did not yield viable results
in the domino reaction. The selective installation of only one
silyl group at a dialkyne with two terminal acetylene moieties
presented difficulties. Thus, we sought for a consecutive intro-
duction of the corresponding silylacetylene functionalities. An
appropriate starting material was selected to achieve a highly
convergent and convenient synthetic strategy. We started our
investigation with the reduction of commercially available
phthalide (17) by LiAlHy4 into dialcohol 18 in quantitative yield
[28] (Scheme 4). The polar compound was easily converted into
the mono-TBS-protected substrate by utilization of 1 equiva-
lent of TBSCI [29]. Column chromatography afforded three
fractions consisting of the starting material, the monoprotected
and the diprotected product. The remaining alcohol moiety of
compound 19 was converted into the respective iodide 20 by a
Mukaiyama redox-condensation using elemental iodine, triph-
enylphosphine and imidazole [30]. The installation of a suitable
leaving group sets the stage for the introduction of the first sily-
lacetylene. Four different terminal alkynes 21 (a: Si = TMS;
b: Si = SiMe,Ph; ¢: Si = SiMe,Bn; d: Si = Si(iPr),H) were
employed. Best results with yields of over 80% were obtained
by the use of acetylene 21a, ethylmagnesium bromide, and

(0] l\\

- —mm

RO /7?‘

O-Si"  domino-

reaction
13

U

Si

W\

RO ©
RO Br

O _—

|
silyl ether ___ ]'Si —

formation
15 14

Scheme 3: Retrosynthetic analysis of anthracycline aglycone mimics. Si: any silyl group.
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TBSCI (1.0 equiv)

Beilstein J. Org. Chem. 2013, 9, 2194-2201.

PPh3 (2.0 equiv)
I, (2.0 equiv)
imidazole (2.0 equiv)

OH
OH

18 (99%)

0
@d LiAIH, (2.0 equiv)
O -
THF, 16 h, 25 °C
17

OH AcClI (5.5 equiv)

MeOH, 3 h,0°C

= sj
23a (Si: TMS, 86%)
23b (Si: SiMe ,Ph, 73%°)
23c (Si: SiMe ,Bn, 62%°)
23d (Si: Si(iPr),H, 83%)

d
23d-2 (Si: Si(iPr)OMe, 87%) ]

PPh3 (1.5-2.0 equiv)
I, (1.5-2.0 equiv)
imidazole (1.5-2.0 equiv)

Et,0, MeCN, 1 h, 0 °C

24a (Si: TMS, 99%)

24b (Si: SiMe ,Ph, 98%)
24c (Si: SiMe,Bn, 97%)
24d (Si: Si(iPr),OMe, 67%)

OH

24e (Si: H, 93%)
23e

imidazole (2.0 equiv) EjCOTBS
DMF, 16 h, 25 °C = OH

OTBS ‘
— g

22a (Si: TMS, 88%)
22b (Si: SiMe,Ph)°
22c (Si: SiMe,Bn)P
22d (Si: Si(iPr)oH, 80%)

Et,0
MeCN
19 (439
(43%) 1h,0°C
Si
=z
21 (1.5-3.0 equiv)?
EtMgBr (1.5-3.0 equiv)?
CuCl (25 mol %) OTBS
— s  1)THF,2h,75°C '
2) 20, THF, 16 h, 75 °C
20 (93%)

Si(iPr)oH
é/ ( )2
25 (2.0-3.0 equiv)®
EtMgBr (2.0-3.0 equiv)®
CuCl (40 mol %)

1) THF, 2 h, 75 °C
2) 24, THF, 16 h, 75 °C

——3Si

16a (Si: TMS, 95%)

16b (Si: SiMe ,Ph, 73%)
16¢ (Si: SiMe,Bn, 23%)
16d (Si: Si(iPr),OMe, 43%)
16e (Si: H, 55%)

Scheme 4: Synthetic route for the synthesis of various dialkynes 16. 2Si: TMS, SiMe,Bn (2.0 equiv); Si: SiMeoPh (1.5 eq equiv); Si(iPr)oH (3.0 equiv).
bproducts for Si: SiMe,Ph and SiMe,Bn could not be isolated. Yield: over two steps. 9Conditions: Br (1.0 equiv), MeOH, 0.5 h, 0 °C, NEt3 (2.0
equiv), CClg, MeOH, 1 h, 0 °C. ©Si: TMS, Si(iPr)OMe, H (3.0 equiv of 25); Si: SiMe,Ph, SiMe,Bn (2.0 equiv of 25).

copper chloride in tetrahydrofuran for one hour at 75 °C,
successive addition of iodide 20 in THF at room temperature
and additional 16 h under reflux [31]. Products 22b and 22c¢
could not be isolated in pure form due to small impurities. The
deprotection of the silyl ethers proceeded smoothly with high
yields ranging from 62% to 86% over two steps [32]. Silane
23d was converted into the corresponding silyl bromide and
trapped with methanol to install an electron-deficient
substituent at the silane moiety 23d-2. The synthesis of 23e was
accomplished according to a literature-known procedure
starting from isochromanone and trimethylsilyl-diazomethane
[33]. The initially formed alcohols 23 were again converted into
the respective iodides 24 as described before and subsequently
substituted with diisopropylsilylacetylene 25 [34] providing five
different dialkynes 16, each of them with a terminal silyl
substituent (or terminal hydrogen) at one side and a silane
moiety at the other (Scheme 4). It is possible to access differ-
ently substituted dialkynes 16 by the silylation of 16e. This ap-

proach was not considered because of the low tolerance of 16e
against base and the expensive starting materials for the syn-
thesis of 23e.

Silyl ether formation and domino reaction

The union between both building blocks proved to be more
difficult than originally envisioned. During our previous studies
of chromans and isochromans the implementation of ether link-
ages afforded good results. The synthesis of anthracycline
derivatives requires a more labile connection to circumvent the
formation of an additional cycle at the annulated ring system.
Previous investigations revealed that silyl ether formations
could be accomplished by the transformation of the silane into
the corresponding silyl bromide by using NBS [35]. This highly
reactive species should be easily trapped by the hydroxy func-
tionality of the respective 2-bromoglycal. Therefore, we chose
15a and 16a as model substrates to explore suitable reaction

conditions for the silyl ether formation. Table 1 reveals that of
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Table 1: Optimization study for the silyl ether formation.

Beilstein J. Org. Chem. 2013, 9, 2194-2201.

T™MS
— s conditions:
= SiPrH - raple 1
+ _—
=—TMS
15a 16a 14a

entry conditions? yield [%)]
1 1) 15a (1.1 equiv), NBS (1.1 equiv). 2) 16a (1.0 equiv), NEt3 (2.0 equiv), CH,Cl» 23
2 1) 15a (1.1 equiv), NCS (1.1 equiv). 2) 16a (1.0 equiv), NEt3 (2.0 equiv), CH,Cl, 12
3 1) 15a (1.1 equiv), NIS (1.1 equiv). 2) 16a (1.0 equiv), NEt3 (2.0 equiv), CH,Cl, -
4 1) 15a (1.1 equiv), Bry (1.1 equiv). 2) 16a (1.0 equiv), NEt3 (2.0 equiv), CH,Cl, 27
5 1) 15a (1.0 equiv), Bry (1.1 equiv). 2) 16a (1.0 equiv), NEt3 (1.3 equiv), Et,0 42b
6 1) 15a (1.1 equiv), Bry (1.1 equiv). 2) 16a (1.0 equiv), NEt3 (1.1 equiv), THF -
7 1) 15a (1.3 equiv), Bry (1.4 equiv). 2) 16a (1.0 equiv), NEt3 (1.3 equiv), Et,0 36
8 1) 15a (1.0 equiv), Bry (1.0 equiv). 2) 16a (1.0 equiv), NEt3 (2.0 equiv), Et,0 25
9 1) 15a (1.0 equiv), Bry (1.0 equiv). 2) 16a (1.0 equiv), NEt3 (2.0 equiv), CCly 75
10 1) 15a (1.2 equiv), Bry (1.2 equiv), CCly. 2) 16a (1.0 equiv), NEt3 (2.0 equiv), CCl4/Etx0 (4:1) 88

aFirst reaction: Brp (1 M in CCly), 1 h, 0 °C. Second reaction: DMAP (0.1 equiv), 2 h, 0 °C — 25 °C. P65% were obtained once for a small scale reac-

tion.

the halogenated succinimides only NCS and NBS are able to
convert the silane into a reactive species. However, the yields
were low in all cases. Changing the bromination reagent to
elemental bromine significantly improved the yields (Table 1,
entries 4 and 5) [36]. Diethyl ether proved to be important as a
solvent, the change to THF led to a total decomposition — most
probably due to ring-opening reactions with bromosilanes [37].
Further, we investigated the influence of the amount of bromine
on the reaction and concluded that stoichiometric quantities
entirely fulfill the demands of the bromination (Table 1, entries
7 and 8). Finally, we found that the silyl bromide formation
proceeded better in tetrachloromethane. However, to assure
solubility of the glycals, small amounts of diethyl ether were
added for the coupling step (Table 1, entries 8—10). In all cases,
a very slow addition of bromine and bromosilane proved to be
necessary to ensure optimal yields.

With optimized conditions in hand we explored the scope of the
silyl ether coupling. Therefore, two different glycals and five
different dialkynes were employed. In summary, seven different
coupling products 14 were prepared baring alkynes with
terminal H, TMS, SiMe,Ph, SiMe,Bn and Si(iPr),OMe groups
(Scheme 5). The best results were obtained with TMS-
substituents. Although the SiMe,Ph-substituted product was not
synthesized under optimal reaction conditions the desired prod-

uct was formed in high yield. In addition, terminal alkynes were
tolerated in the reaction. Contrary, benzyl and methoxide-
substituted silanes 14¢ and 14d provided inferior yields.

With several domino precursors in hand we started the investi-
gation of the domino-carbopalladation sequence. To our delight,
it was possible to adjust the catalytic system that we developed
for the synthesis of chromans and isochromans. Optimal reac-
tion conditions comprise the use of Pd(PPhj)4 as a palladium
source, (+-Bu);PH-BF4 (Fu’s salt) [38] as an additional electron-
rich and sterically encumbered ligand and HN(iPr), as a base.
As solvent a mixture consisting of N,N-dimethylformamide,
acetonitrile and N-methylpyrrolidone (8:8:1) was used. The
reaction was performed in a sealed vial at 120 °C under
microwave irradiation for 3—5 h. The unusual combination of
Pd(PPh3)4 and (#-Bu)3;PH‘BF, as an additional ligand proved
beneficial for the transformation of long-chained dialkynes. The
domino reaction proceeded smoothly and delivered the desired
compounds as major products. Scheme 5 illustrates that all at-
tached substituents at the terminal triple bond were tolerated.
Even unsubstituted alkyne 14e and electron-deficient silane 14d
furnished the product in high yields. TMS, SiMe,Ph and
Si(iPr),OMe-substituted silanes delivered the best results with
yields of up to 89%. For the reaction mechanism we assume
that the palladium(0) inserts into the C(sp?)—Br bond to form a
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Si
1) 16 (1.0-1.2 equiv)? o i
5 G Br, (1.0-1.5equiv) RO |
| ——
CCly, 3h,0°C
"e | * D@ 2)15(140 11 equiv) RO o
. e .0-1.1 equiv
RO Br H(iPr),Si—= NEt; (2.0 equiv) O\Si =
OH DMAP (0.1 equiv) (iPr)
. CCly, E,0, 2-18 h 2
15a (Glc) 16a (Si: TMS) oh T . 0
15b (Gal) 16b (Si: SiMe ,Ph) 0°C—25°C 14a (Glo, S TMS, 86%)

16¢ (Si: SiMe,Bn)
16d (Si: Si(iPr),OMe)
16e (Si: H)

13a (Glc, Si: TMS, 81%)

13b (Glc, Si: SiMe ,Ph, 89%)
13c (Glc, Si: SiMe,Bn, 70%)
13d (Glc, Si: Si(iPr),OMe, 86%)
13e (Glc, Si: H, 67%)

13f (Gal, Si: TMS, 74%)

14b (Glc, Si: SiMe ,Ph, 65%)°
14c (Glc, Si: SiMe ,Bn, 35%)
14d (Glc, Si: Si(iPr),0Me, 30%)
14e (Glc, Si: H, 56%)

14f (Gal, Si: TMS, 68%)

Pd(PPh3)4 (10 mol %)
(t-Bu)3PH-BF4 (20 mol %)
HNiPr; (4.0 equiv)

DMF, MeCN, NMP

3-5h, 120 °C, MW

O-Si
(iPr),

Scheme 5: Silyl ether synthesis and domino carbopalladation reaction. R,R (Glc): isopropylidene. R,R (Gal): benzylidene. @The respective equiva-
lents of alkynes 16, glycals 15 and bromine as well as reaction times are given in the Experimental. PThe reaction was performed according to entry 5

of Table 1.

Pd(IT) species. A sequence of two carbopalladation reactions
form a triene system which is able to cyclize by a Heck-type
reaction, a 6zm-¢lectrocyclization [39] or a direct CH-activation
to the respective anthracycline precursor 13. The design of the
dialkyne provides a simultaneous formation of the linear ring
system. All four cycles were annulated in a single step, in which
the B and C-ring were formed as a consequence of the reaction
cascade.

Derivatization to anthracycline derivatives

The derivatization of the domino products turned out to be chal-
lenging. Utilization of a fluoride source (e.g. tetrabutylammo-
nium fluoride or tetramethylammonium fluoride) and 13a lead
to total decomposition of the starting materials. Application of
Tamao—Fleming-like oxidative procedures provided only the
mono-oxidized products in trace amounts [40-42]. The oxi-
dation of phenyl-substituted silanes to respective phenols is
difficult [43,44]. However, literature precedence revealed that
benzyl-substituted silane 13¢ or electron-deficient silane 13d
[43,45] should be more promising candidates. But none of these
domino products 13b—13f provided better results in a
Tamao—Fleming reaction. When oxidizing reaction conditions
were applied to silane 13b, only desilylation of the cyclic silyl
ether occurred. Interestingly, benzylsilane 13¢ afforded the
globally desilylated product in 90% yield under oxidative reac-

tion conditions (KHCOj3, H,O,, KF in THF and MeOH), i.e.,
both silyl ether and terminal silane were cleaved. However, it
was not possible to utilize this procedure for compound 13a.
Under these conditions, the silyl ether was cleaved without
touching the trimethylsilyl moiety. Another approach of selec-
tive silyl ether cleavage was employed by utilization of Cs,COj3
(5.0 equiv) in methanol at 100 °C.

Hydrolysis of the respective domino products 13a and 13f with
in situ formed HCI in methanol furnished the diols 26a and 26b
under loss of the terminal TMS group [46]. Opening of the silyl
ether moiety was accomplished by treatment with TBAF in
quantitative yield and gained access to the natural substitution
pattern of the carbohydrate backbone. It was not possible to
open the silyl ether moiety of 26 by the utilization of Cs,COj3 in
methanol starting from 13 as described before. To install the
anthraquinone moiety it was necessary to reprotect the alcohol
functionalities. It has proven challenging to install the TBS
protecting group at the substrates, particular for the galactose-
derived derivatives 12b which could be obtained in only poor
yield [47-49]. For 27a the FeClz-catalyzed benzylic oxidation
proceeded smoothly with yields of up to 70% [50]. A final
hydrolysis with hydrochloric acid afforded the desired carbohy-
drate-based anthracycline derivatives 11 in good yield
(Scheme 6).

2199



AcCl (40.0 equiv)

MeOH, 1.5-3.5 hP
60 °C

O-Si(iPr),

13a (Glc)
13f (Gal)

Beilstein J. Org. Chem. 2013, 9, 2194-2201.

TBAF (3.0 equiv)
THF, 1-4 h¢

26a (Glc: 96%) 25°C
26b (Gal: 83%)

TBSCI (20.0 equiv)
imidazole (45.0 equiv)
DMAP (1.0 equiv)

FeCls (0.2 equiv)
t-BuOOH (10.0 equiv)
pyridine, 3—4 h®

80 °C, 1 atm O,

27a (Glc: 79%)
27b (Gal: 30%)

HCI (pH 3)

MeOH, H,0
14-17 hf, 75 °C

28a (Glc: 70%)
28b (Gal: 59%)

DMF, 38-86 hd
90 °C

12a (Glc: 96%)
12b (Gal: 99%)

11a (Glc: 82%)
11b (Gal: 90%)

Scheme 6: Derivatisation of anthracycline derivatives. 2R,R (Glc): isopropylidene. R,R (Gal): benzylidene. Reactions times: ®1.5 h (Glc), 3.5 h (Gal).
©1.0 h (Glc), 4.0 h (Gal). 938 h (Glc), 86 h (Gal). ©4.0 h (Glc), 3.0 h (Gal). 114 h (GIc), 17 h (Gal).

Conclusion

In conclusion, we have developed a concise and robust ap-
proach to anthracycline aglycone derivatives. Starting materials
were bromoglycals and benzene moieties with two propynyl
residues. The first key step is the union of these moieties by a
silyl ether linkage. In a second key step the tetracyclic anthracy-
cline scaffold is formed by a domino carbopalladation sequence
generating both, the B and the C-ring of the system in a single
step. Further derivatisation included the cleavage of the silyl
ether and two-fold benzylic oxidation to the quinone moiety.
We believe that these natural product mimics might be of
interest as useful candidates for drug discovery research.
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Abstract

Taking into consideration the biological activity of the only natural products containing a 1,2,4-oxadiazole ring in their structure
(quisqualic acid and phidianidines A and B), the natural product analogs 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)pyrrolidine-
2,5-dione (4) and 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)-1H-pyrrole-2,5-dione (7) were synthesized starting from 4-(3-tert-
butyl-1,2,4-oxadiazol-5-yl)aniline (1) in two steps by isolating the intermediates 4-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl-
amino)-4-oxobutanoic acid (3) and (Z)-4-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenylamino)-4-oxobut-2-enoic acid (6). The two
natural product analogs 4 and 7 were then tested for antitumor activity toward a panel of 11 cell lines in vitro by using a monolayer
cell-survival and proliferation assay. Compound 7 was the most potent and exhibited a mean ICs value of approximately 9.4 uM.
Aniline 1 was synthesized by two routes in one-pot reactions starting from fert-butylamidoxime and 4-aminobenzoic acid or
4-nitrobenzonitrile. The structures of compounds 1, 2, 4, 5 and 6 were confirmed by X-ray crystallography.
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Introduction

The five-membered heterocyclic 1,2,4-oxadiazole motif is of
synthetic and pharmacological interest. It also forms an impor-
tant constituent of biologically active compounds including
natural products [1]. Sawyer et al. have described such com-
pounds as bioisosteres for amides and esters [2], with the 1,2,4-
oxadiazoles showing higher hydrolytic and metabolic stability.

To the best of our knowledge, there are only a few examples of
natural products with a 1,2,4-oxadiazole core or a structure
based on it. The 3-substituted indole alkaloids, phidianidines A
and B (Figure 1), have been isolated by Carbone et al. from the
aeolid opisthobranch Phidiana militaris [3]. They are selective
inhibitors of the dopamine transporter DAT and partial agonists
of the p opioid receptor [4]. Moreover, these selective mole-
cules are attractive as CNS targets because neither phidianidine
A nor B is cytotoxic. Another example of a natural product with
a oxadiazole core is quisqualic acid (Figure 1). This metabolite
was obtained from the seeds of Quisqualis indica and Q. fructus
[5,6] and is a strong agonist for AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) receptors and group I
metabotropic glutamate receptors [7].

Furthermore, 1,2,4-oxadiazoles are widely used in synthetic
chemistry, e.g., in the search for antitumor agents. Cancer
consists of more than one hundred different diseases, all of
which are characterized by the uncontrolled growth and spread
of abnormal cells. In this context, the identification of drugs
acting as apoptosis inducers represents an attractive approach
for the discovery of new anticancer agents. 1,2,4-oxadiazole A
(Figure 2) was found to act as an apoptosis agent by a high-
throughput screening (HTS) assay [8]. A series of 1,2,4-oxadia-
zole-5-carboxamides B have been synthesized and tested as
inhibitors of the glycogen synthase kinase 3 (GSK-3), a key
regulator of both differentiation and cellular proliferation [9].

An alternative antitumor strategy involves the inhibition of
processes involved in tumor growth, e.g., angiogenesis. Inte-
grin oyP3 is a receptor that has been found on the surface of
many tumor cells and recognizes the arginine—glycine—aspartic

CF3
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Figure 2: Examples of 1,2,4-oxadiazole antitumorals.
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quisqualic acid

Figure 1: Natural products having a 1,2,4-oxadiazole core.

acid (RGD) sequence. Antagonists of this receptor are able to
inhibit angiogenesis. 1,2,4-Oxadiazolebutanoic acids such as C
were tested as non-peptidic analogs of a,fB3 antagonists [10].
Furthermore, substituted 1,2,4-oxadiazoles have been described
as antirhinovirals [11], benzodiazepine receptor partial agonists
[12], anti-inflammatory [13], muscarinic agonists [14], sero-
toninergic (5-HT3) antagonists [15], and growth hormone secre-
tagogues [16].

The maleimide motif is also a useful five-membered hetero-
cycle in pharmacological chemistry. Kratz et al. synthesized

maleimide derivatives of doxorubicin and camptothecin. After

intravenous administration these designed anticancer drugs bind

HOOC
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rapidly to circulating albumin [17-19]. Endogenous albumin
could be seen as a drug carrier, as it accumulates in solid tumors
according to the pathophysiology of tumor tissue [20,21].
Therefore, designed prodrugs have a higher antitumor efficacy
in vivo than drugs. Furthermore, maleimides possess strong
antifungal activities against important human opportunistic
pathogenic fungi. These antifungal drugs appear to be excellent
candidates for further development [22-27]. Barrett et al. point
out that the possibility of performing chemical modifications is
a requirement for developing novel drugs, a strong activity is
just the starting point [28].

Another moiety worth investigation is succinimide, because
N-phenylsuccinimides are regarded as some of the most effica-
cious agricultural fungicides [29,30]. They have also been
shown to be selective nephrotoxic compounds [31,32].

Considering natural products with the 1,2,4-oxadiazol moiety,
such as phidianidines A and B (selective inhibitors of DAT), we
decided to synthesize, isolate and characterize novel natural
product analogs of 1,2,4-oxadiazole derivatives bearing
N-phenylmaleimide or N-phenylsuccinimide functionalities in
order to improve their biological activity. The new derivatives
have been tested for in vitro antitumor activity toward a panel
of 11 cell lines.

Results and Discussion

Clapp reviewed the synthesis of 1,2,4-oxadiazoles [33]. He
pointed out that two general methods dominate the practical
preparation (<95%):

COOH
NI/OH
X
.
NH
5% . 0,
R

| amidoxime route (a)I

coupling agent
room temperature

© CN
® 0 .
C/’/N/ ZnX,, acid
>r L N 80-90 °C
“R
| 1.3-cycloaddition (b) | X = CL Br

Beilstein J. Org. Chem. 2013, 9, 2202-2215.

(a) The condensation of amidoximes with carboxylic acid
derivatives.

(b) The dipolar cycloaddition of nitrile oxides to nitriles.

The general approach for the synthesis of 1,2,4-oxadiazoles is
illustrated in Scheme 1.

Using route (a), the amidoxime route, the carboxylic acid has to
be employed in an activated form. The activated carboxylic acid
can be prepared beforehand or in situ by several methods [34],
e.g., as an acyl chloride or by the use of N,N'-carbonyldiimida-
zole (CDI). In the first step the amidoxime is O-acylated with
the activated derivative in a condensation reaction. The
O-acylated amidoxime can be isolated or it can immediately
undergo the cyclisation to the heterocyclic oxadiazole ring. This
cyclodehydration reaction takes place by heating to tempera-
tures above 100 °C [35,36]. Microwave techniques have also
been employed in the synthesis of such heterocycles. The
advantage of CDI is that it activates the carboxylic acid in situ

and can be used for step 1 and step 2 in DMF.

Scheme 2 presents the one-pot synthesis of 4-(3-fert-butyl-
1,2,4-oxadiazol-5-yl)aniline (1) starting from tert-butylamidox-
ime and 4-aminobenzoic acid. Activation of the 4-aminoben-
zoic acid with CDI and further acylation of the terz-butylami-
doxime with DMF as a solvent furnished the O-acylamidoxime,
which was not isolated. After heating to 120 °C for four hours,
it underwent a cyclodehydration reaction, delivering aniline 1
with 59% yield after purification.

7 ; R = IR
O O
coupling agent Ny :\j
>100 °C 7(
/ 1
=R
0] N

Scheme 1: Common synthetic strategies toward 1,2,4-oxadiazoles; (a) amidoxime route; (b) 1,3 dipolar cycloaddition route.
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Scheme 2: One-pot synthesis of 4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)aniline (1) by using the amidoxime route. i. 1.1 equiv CDI in DMF, 30 minutes; ii.

1.1 equiv CDI in DMF, 120 °C, 4 h.

The structure of compound 1 was confirmed by X-ray structure
determination (Figure 3 and Figure 4). It crystallizes with two
molecules in the asymmetric unit, which differ in the relative
orientation of the rings (interplanar angles 22° and 9°). Three of
the four NH hydrogens are involved in hydrogen bonds, leading
to ribbons of H-bonded rings parallel to the a axis.

Following the second route, the 1,3-dipolar cycloaddition, with
the purpose of increasing the yield of compound 1, we used
p-toluenesulfonic acid (PTSA)-ZnCl, as a catalyst for the syn-
thesis of aniline 1 from amidoximes and organic nitriles [37].
tert-Butylamidoxime and 4-aminobenzonitrile were mixed in
DMF with catalytic amounts of PTSA-ZnCl,. First, fert-butyl-

Figure 3: Molecular structure of 4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)aniline (1). Atoms are drawn as 50% thermal ellipsoids. One hydrogen at N1’ is

eclipsed.

Figure 4: Packing diagram of compound 1. Hydrogen bonds are indicated as dashed lines.
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amidoxime is activated by PTSA—ZnCly; resulting in the forma-
tion of a Lewis acid—ammonia complex as a leaving group,
giving rise to the formation of the nitrile oxide. The 1,2,4-
oxadiazole moiety is established by the 1,3-dipolar cycloaddi-
tion of nitrile oxide to the 4-aminobenzonitrile. However, the
Lewis acid might also be involved in the formation of the hete-
rocycle via a Lewis acid catalyzed [3 + 2] cycloaddition reac-
tion. Unfortunately, the yield for this reaction was very low
(<20%).

In order to obtain compound 1 by the 1,3 dipolar cycloaddition
route we changed the protocol. We synthesized the nitro deriva-
tive 2 (3-tert-butyl-5-(4-nitrophenyl)-1,2,4-oxadiazole) in situ
by using the same catalyst pair as in the first synthesis route.
Then, we attempted to hydrogenate nitro compound 2 to the
corresponding amine 1 in the same reaction pot without having

Table 1: Optimal conditions for the 1,3-dipolar cycloaddition route.?

Entry Catalyst 1 Catalyst 2
1 PTSA ZnCl,
2 MSA ZnCl,
3 MeSA ZnCly
4 PTSA ZnBry
5 MSA ZnBry
6 MeSA ZnBry
7 PTSA ZnCl,
8 MSA ZnCly
9 MeSA ZnCly
10 PTSA ZnBry
11 MSA ZnBry
12 MeSA ZnBry
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to isolate the intermediate. The overall yield in this case was
64%. The intermediate 2 was isolated to be fully charazterized.
After a series of tests by using various acids as catalyst (p-tolu-
ensulfonic acid (PTSA), 2-mesitylenesulfonic acid (MSA) and
methanesulfonic acid (MeSA) in combination with ZnCl, and
ZnBry), MSA-ZnBr; in acetonitrile proved to be the best
combination for the preparation of compound 2 from ferz-butyl-
amidoxime and 4-nitrobenzonitrile under mild conditions. The
results are summarized in Table 1. The optimized yield was
93% (Scheme 3) which makes this route more practical than the
amidoxime route presented in Scheme 2 with a yield of only
59%.

The structure of compound 2 was confirmed by X-ray structure
determination (Figure 5 and Figure 6). The interplanar
angle in compound 2 is only 3° and the molecules are

Solvent Time (h) Yield (%)
DMF 5 64
DMF 3 76
DMF 12 56
DMF 5 70
DMF 3 79
DMF 12 58
MeCN 2 82
MeCN 2 92
MeCN 12 63
MeCN 2 86
MeCN 2 93
MeCN 12 65

aGeneral conditions: tert-butylamidoxime (1 equiv), 4-nitrobenzonitrile (1 equiv), catalyst 1 (0.3 equiv), catalyst 2 (0.3 equiv), 80 °C.

N NH,
~OH 0 Yields:
N| N ZnCl,, PTSA N\ | route a): 20%
>‘)\NH DMF. 80 °C N route b): 93% (over two steps)
5 )
NH, 1
Amino route (a) Hy Pt/C 10%,
acetonitrile
N
Il NO,
N-OH ZnBr,, MSA N/O ,
| + MeCN, 80 °C N
NH,
NO, 2 (94%)

Nitro route (b)

Scheme 3: One-pot synthesis of 4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)aniline (1) by using the 1,3-dipolar cycloaddition route.
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linked to ribbons parallel to the b axis by two C—H--O interac-  The synthesis of amide 3 was performed under inert conditions
tions. by mixing an equimolar amount of aniline 1 and succinic anhy-
dride in a minimum volume of dichloromethane (Scheme 4).
Compound 3 was obtained with a short reaction time and a high
yield (91%). The ester derivative methyl 4-(4-(3-tert-butyl-
1,2,4-oxadiazol-5-yl)phenylamino)-4-oxobutanoate (5) was
prepared by the addition of a diethyl ether solution of
diazomethane to a suspension of amide 3. The ester 5 was

afforded in a quantitative amount.

For the synthesis of imide 4 the starting material, amide 3, was

Figure 5: Molecular structure of 3-tert-butyl-5-(4-nitrophenyl)-1,2,4- mixed with an equimolar amount of sodium acetate in acetic
oxadiazole (2). Atoms are drawn as 50% thermal ellipsoids. . .

@ ° P anhydride and the mixture was heated for 4 h at 80-85 °C;

resulting in the corresponding N-arylsuccinimide 4 (87%).

The structures of compounds 4 and 5 were also confirmed by
X-ray structure analysis (Figure 7, Figure 8 and Figure 9). In
compound 4 the oxazoline and phenyl rings are approximately
coplanar (6°), but the pyrrolidine ring is rotated by 52° with

respect to the phenyl ring. The main packing interaction is an

Figure 6: Packing diagram of compound (2) showing C—H---O interac-
tions.

Imide derivatives have been found to possess a broad spectrum

of biological activities. A variety of methods have been reported
for the preparation of this class of compounds. The synthesis

Figure 7: Molecular structure of 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-
follows a two-step protocol. First, it is necessary to synthesize yl)phenyl)pyrrolidine-2,5-dione (4). Atoms are drawn as 50% thermal
ellipsoids.

the amide derivative.

(0]
OH
)y
OWO O NaOAc 0
%_<N\ N acetic anhydride, N
\ DCM, rt %—<\ reflux %—<\
N-O 1 N-O 3 (91%) N-O  4(87%)

\ diazomethane,

Z

T
¥

ZT

diethyl ether, rt

)

/
o}

ZT

N

\
%_<N’O 5 (96%)

Scheme 4: Synthesis of 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)pyrrolidine-2,5-dione (4).
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good yield (84%). For the synthesis of imide 7 the amide 6 was
mixed with an equimolar amount of sodium acetate in acetic
anhydride and the mixture was heated for 4 h at 80-85 °C
resulting in the corresponding N-arylmaleimide 7 (75%).

The structure of compound 6 was also confirmed by X-ray

Figure 8: Molecular structure of 4-(4-(3-tert-butyl-1,2,4-oxadiazol-5- structure analysis (Figure 10 and Figure 11). In compound 6 the
yl)phenylamino)-4 oxobutanoate (5). Atoms are drawn as 50% thermal
ellipsoids.

offset stacking parallel to the ¢ axis (not shown). Compound 5
has an interplanar angle of 14°. The molecules are associated
into ribbons parallel to [110] by one long N-H---N and two
shorter C—H---O interactions.

The synthesis of amide 6 was performed by mixing an  ggure 10: Molecular structure of (2)-4-(4-(3-tert-butyl-1,2,4-oxadiazol-

equimolar amount of aniline 1 and maleic anhydride in 5-yl)phenylamino)-4-oxobut-2-enoic acid (6). Atoms are drawn as 50%

dichloromethane (Scheme 5). The amide 6 was obtained with a thermal ellipsoids.

Figure 9: Packing diagram of compound (5). Dashed lines indicate hydrogen bonds.

NH, H\(j\ N
ﬂ CNGONgHe O ¢ O"  Naoac 0
N U N acetic anhydride, N

%—QN/O ) DCM, rt %—QN/O 6 M %—QN/O 7 (75%)

Scheme 5: Synthesis of 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)-1H-pyrrole-2,5-dione (7).
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Figure 11: Packing diagram of compound 6. Dashed lines indicate hydrogen bonds.

interplanar angle is 11°; the intramolecular hydrogen bond is
almost symmetrical (04-H04 1.03(3), H04---02 1.47(3)) A. The
molecules are linked to form layers perpendicular to the hexag-
onal ¢ axis by one C-H:--O and one three-centre (N—H,
C-H)---O interaction. The double bond has a Z-configuration.

Antitumor activity

The in vitro antitumor activity of six synthesized compounds
toward a panel of 11 cell lines was assessed by using a mono-
layer cell survival and proliferation assay. By exhibiting a mean
ICs value of 9.4 uM 7 was the most potent compound. Com-
pounds 1, 5, 4, 6 and 3 have only marginal antitumor activity
toward the 11 tested cell lines (Figure 12).

An investigation of the activity of compounds in a cell line
panel representing various tumor histo-types, as performed in
this study, allows the analysis of potency and tumor selectivity
and the identification of active compounds which qualify for
further preclinical development. Tumor selectivity of the com-
pounds is illustrated in Figure 13 by a heat-map presentation of
the individual ICsq values. Good tumor selectivity is reflected
by cell lines exhibiting above-average sensitivity (i.e., an indi-
vidual ICsq value smaller than 0.5 of the mean ICsq value;

92 95 98 99 100
100.0
2
E
2 94
d 1001
=
o
v
£
1.0 -
7 1 5 4 6 3

Figure 12: In vitro antitumor activity of compounds 1, 3—7 toward 11
human tumor cell lines.

marked in green) and the range of activity among the cell lines
(i.e., the ICs( value of the most resistant cell line divided by the
1C5( value of the most sensitive cell line). Overall, a good anti-
tumor potency (i.e., a mean ICs5g < 30 uM) combined with a
good selectivity (i.e., a range of activity > 8 or at least 2 cell
lines exhibiting above-average sensitivity) was obvious for

compound 7.
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5 14 = o - B
c £ |g | 8|8 |8 |5 )8 ¢ |8 |g |8
w w L i g ﬁ x é I; ™ w geomean range of

+ 5 3|8 |%|5% € | 83 | & | & | B | B icomm activity
1 7 15.00 28.12 22.01 6.92 9.26 7.76 10.93 3.94 11.10 449 5.05 9.39 71
2 1 100.00 55.33 100.00 76.78 98.08 100.00 100.00 100.00 100.00 100.00 100.00 92.4 1.8
3 5 100.00 100.00 100.00 57.28 100.00 100.00 100.00 100.00 100.00 100.00 100.00 95.1 1.7
4 4 100.00 100.00 100.00 82.92 100.00 100.00 100.00 100.00 100.00 100.00 100.00 98.3 1.2
5 6 100.00 92.39 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.3 1.1
6 3 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0 1.0

2IC50 value of the most resistant cell line divided by the IC50 value of the most senstive cell line

132 116 1/8
sensitive cell lines

1/4 1/2 1 2 4 8

16 32 -fold mean ICy,

resistant cell lines

Figure 13: Individual IC5q values [uM] of compounds 1, 3-7 in a panel of 11 human tumor cell lines.

Conclusion

Two novel 1,2,4-oxadiazol natural product-inspired derivatives
bearing N-phenylmaleimide or N-phenylsuccinimide moieties
were synthesized in two steps starting from 1,2,4-oxadiazole
amine 1. All intermediate derivatives were isolated, character-
ized and tested in vitro for antitumor activity toward a panel of
11 cell lines by using a monolayer cell survival and prolifera-
tion assay. With an ICsg value of 9.4 uM, compound 7 was the
most active, probably because maleimide is able to rapidly bind
to the cysteine-34 position of circulating albumin, transported
as an albumin conjugate (macromolecular drug), and then
released in the target tissue by acid related cleavage or enzy-
matic cleavage. Compounds 1, 3, 4, 5 and 6 have no or only
marginal activity toward the 11 cell lines tested. Considering
the bioactive natural products (quisqualic acid and phidiani-
dines A and B), it is of great pharmacologic interest to synthe-
size new derivates of 1,2,4-oxadiazole with an efficient bio-
logical transport in cells by using natural transporters such as
amino acids, peptides or sugars. Moreover, it is desirable to
reduce, or even remove completely, the secondary effects to
minimize the toxicity and increase the selectivity. All deriva-
tives were obtained with a high purity (at least 97% based on
'H NMR) and good to high yields (75-96%). The structural
assignments were corroborated by X-ray structure analysis.

Experimental

General

All reagents were purchased from commercial sources (Sigma-
Aldrich or Acros) and used without further purification.
Solvents were of analytical grade. 'H and 13C NMR spectra
were recorded at room temperature on a Bruker Avance 200
operating at 200 MHz for 'H and 50 MHz for !3C. Chemical
shifts (3) are reported relative to the tetramethylsilane peak set

at 0.00 ppm. In the case of multiplets, the signals are reported as
intervals. Signals were abbreviated as s, singlet; d, doublet; t,
triplet; q, quadruplet; m, multiplet. IR spectra were recorded
with a Bruker Vertex 70 ATR. Mass spectra (electronic ionisa-
tion, 70 eV) were recorded on a Finnigan MAT 8400-MSS and
Finnigan MAT 4515. High resolution mass spectra were
recorded on a Finnigan MAT 95 XP. Melting points were
measured with a Schropp Gerédtetechnik MPM-HV2. The
melting points are uncorrected. Column chromatography was

carried out by using Merck silica gel 60 (70-200 mesh).

Procedures

Synthesis of 4-(3-tert-butyl-1,2,4-oxadiazol-5-
yhaniline (1)

a. 1.0 g (7.2 mmol) of 4-aminobenzoic acid was dissolved under
an inert atmosphere in 20 mL of DMF, and 1.28 g (7.9 mmol)
of CDI solved in 30 mL of DMF was added. After 30 minutes
of stirring at room temperature 0.91 g (7.9 mmol) of zert-butyl-
amidoxime was added. A second portion of CDI (1.28 g,
7.9 mmol) was added, and the reaction mixture was heated
under reflux until the reaction was complete. The mixture was
cooled to room temperature and poured into 500 mL of
water—ice mixture. The formed solid was filtered off, washed
with water, dried and flash chromatographed (silica, ethyl
acetate/hexane 2:1), yielding after purification 0.92 g
(4.2 mmol, 59%) of 1 as a yellow solid.

b. To a mixture of 0.116 g (1 mmol) of fert-butylamidoxime in
5 mL of solvent (acetonitrile or DMF) under an inert atmos-
phere was added 0.15 g (1 mmol) of 4-nitrobenzonitrile. To this
reaction mixture was added 0.3 mmol of acid catalyst 1
(57.0 mg PTSA, 70.8 mg MSA or 28.8 mg MeSA) and
0.3 mmol of catalyst 2 (40.9 mg ZnCl, or 67.5 mg ZnBr,), and
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the mixture was heated to 80 °C until no further change was
observed (2—12 hours). Then the reaction mixture was cooled to
room temperature, 10 mg of Pt/C 10% catalyst was added, and
hydrogen was bubbled through the solution until intermediate 2
was no longer detected. The reaction mixture was filtered
through a layer of Celite, and then the solvent was removed
under reduced pressure. The solid that remained was dried and
flash chromatographed (silica, ethyl acetate/hexane 2:1),
yielding after purification 1 as a yellow solid. Yield: PTSA/
ZnCl,/DMF 139.0 mg, 0.64 mmol, 64%; MSA/ZnCl,/DMF
165.0 mg, 0.76 mmol, 76%; MeSA/ZnCl,/DMF 121.6 mg,
0.56 mmol, 56%; PTSA/ZnBr,/DMF 152.0 mg, 0.7 mmol,
70%; MSA/ZnBry/DMF 171.5 mg, 0.79 mmol, 79%; MeSA/
ZnBry/DMF 125.9 mg, 0.58 mmol, 58%; PTSA/ZnCl,/CH3CN
178.1 mg, 0.82 mmol, 82%; MSA/ZnCl,/CH3CN 199.8 mg,
0.92 mmol, 92%; MeSA/ZnCl,/CH3CN 136.8 mg, 0.63 mmol,
63%; PTSA/ZnBry/CH3CN 186.7 mg, 0.86 mmol, 86%; MSA/
ZnBry/CH3CN 201.9 mg, 0.93 mmol, 93%; MeSA/ZnBr,/
CH3CN 141.1 mg, 0.65 mmol, 65%. MS m/z: 217 (M*, 60), 202
(5), 120 (100); HRMS: caled. for C1,H; sN3O%, 217.12096;
found, 217.12159; '"H NMR (200 MHz, CDCl3) & 7.87-7.78
(m, 2H), 6.68-6.56 (m, 2H), 4.08 (bs, 2H), 1.32 (s, 9H); 13C
NMR (50 MHz, CDCl3) 8 27.8 (-CH3), 31.7, 113.5, 113.7,
129.1, 149.7, 174.7, 177.3; mp 120-122 °C; IR (ATR): 1/A
3437 (w), 3326 (w), 3218 (w), 2966 (w), 2360 (w), 2162 (w),
1699 (w), 1652 (w), 1603 (s), 1581 (m), 1522 (w), 1510 (m),
1491 (m), 1463 (m), 1442 (m), 1415 (w) 1394 (w), 1351 (s),
1329 (w), 1291 (w), 1197 (m), 1186 (s), 1172 (s), 1096 (w),
1028 (w), 962 (w), 845 (m), 835 (m), 777 (s), 700 (w), 645 (s)
em™L,

Representative procedure for the synthesis of 3-tert-
butyl-5-(4-nitrophenyl)-1,2,4-oxadiazole (2)

To a mixture of 0.116 g (1 mmol) of fert-butylamidoxime in
acetonitrile under an inert atmosphere was added 0.150 g
(1 mmol) of 4-nitrobenzonitrile in molar ratio 1:1. To this reac-
tion mixture was added 0.3 mmol (0.07 g) of 2-mesitylenesul-
fonic acid and 0.3 mmol (0.067 g) of ZnBr,, and the mixture
was heated to 80 °C for 2 hours. After the reaction was finished
the heating was removed, and the mixture was cooled to room
temperature. The solvent was concentrated under reduced pres-
sure, and ethyl acetate was added. The mixture was washed
with sodium hydrogen carbonate solution, water and brine. The
organic phase was dried over anhydrous sodium sulfate,
filtered, and the solvent was removed. The resulting residue was
dried in vacuum and flash chromatographed (silica, ethyl
acetate/hexane 2:1), yielding after purification 0.232 g
(0.94 mmol, 94%) of 2 as a white solid. MS m/z: 247 (M, 25),
232 (45), 150 (100); 'H NMR (200 MHz, CDCls) & 8.43-8.28
(m, 4H), 1.45 (s, 9H); 13C NMR (50 MHz, CDCls) & 28.4, 32.6,
124.2,129.9, 144.6, 148.9, 174.2, 178 4.

Beilstein J. Org. Chem. 2013, 9, 2202-2215.

Synthesis of 4-(4-(3-tert-butyl-1,2,4-oxadiazol-5-
yl)phenylamino)-4-oxobutanoic acid (3)

0.3 g (1.38 mmol) of 4-(3-tert-butyl-1,2,4-oxadiazol-5-
yDaniline (1) was mixed under inert conditions with an
equimolar amount (0.138 g, 1.38 mmol) of succinic anhydride
in 20 mL of DCM. This mixture was vigorously stirred at room
temperature for 5 hours. The remaining residue was freed from
solvent, suspended in 50 mL of water, and the pH value
adjusted to 2-3 with a 1 N solution of HCI. The resulting
suspension was filtered, and the product was dried in vacuum. It
was purified by flash chromatography (silica gel, ethyl acetate/
hexane 1:1), yielding 0.398 g (1.25 mmol, 91%) of 3 as a white
solid after purification. MS m/z: 317 (M", 15), 299 (55), 217
(50), 202 (100), 120 (55); HRMS: calcd. for C1gH 9N304",
317.13701; found, 317.13717; '"H NMR (200 MHz, DMSO-dg)
8 12.24 (bs, 1H), 10.42 (s, 1H, -NH), 8.07-8.02 (m, 2H),
7.96-7.92 (m, 2H), 2.67-2.59 (m, 4H), 1.38 (s, 9H); 13C NMR
(50 MHz, DMSO-dg) 6 28.1 (-CH3), 28.5, 31.1, 31.9, 117.6,
118.8, 128.6, 143.3, 170.7, 173.6, 174.3, 177.5; mp 201-203
°C; IR (ATR): 1/A 3385 (w), 2964 (w), 1696 (s), 1608 (m),
1594 (w), 1506 (s), 1492 (m), 1464 (w), 1410 (m), 1394 (w),
1351 (m), 1337 (m), 1313 (m), 1281 (w), 1249 (w), 1200 (m),
1177 (m), 1159 (s), 994 (w), 859 (m), 830 (w), 802 (w), 773
(m), 681 (m), 612 (m) cm™ .

Synthesis of 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-
yhphenyl)pyrrolidine-2,5-dione (4)

0.3 g (0.94 mmol) of 4-(4-(3-tert-butyl-1,2,4-oxadiazol-5-
yl)phenylamino)-4-oxobutanoic acid (3) was mixed with an
equimolar amount of sodium acetate (0.077 g, 0.94 mmol) in
15 mL of acetic anhydride, and the mixture was then heated for
4 h at 80—85 °C. After cooling, the product was washed with
100 mL H,O at pH = 2-3. The solid was dried in vacuum and
flash chromatographed (silica, ethyl acetate/hexane 2:1),
yielding after purification 0.244 g (0.81 mmol, 87%) of 4 as a
white solid. MS m/z: 299 (M*, 55), 284 (15), 202 (100); HRMS:
caled. for C1gH|7N303", 299.12644; found, 299.12695;
'H NMR (200 MHz, CDCl3) & 8.18-8.09 (m, 2H), 7.48-7.39
(m, 2H), 2.80 (s, 4H), 1.34 (s, 9H); 13C NMR (50 MHz, CDCl5)
8 28.3 (-CH3), 32.3, 124.2, 126.6, 128.6, 135.3, 174.0, 175.5,
178.3; mp 136-138 °C; IR (ATR): 1/A 2970 (w), 2875 (w),
1776 (w), 1709 (s), 1613 (w), 1520 (w), 1500 (w), 1465 (w),
1419 (w), 1382 (m), 1351 (w), 1275 (w), 1197 (m), 1171 (s),
923 (w), 904 (w), 841 (m), 810 (w), 771 (w), 737 (w), 697 (m),
659 (w) cm ™.

Synthesis of methyl 4-(4-(3-tert-butyl-1,2,4-oxadi-
azol-5-yl)phenylamino)-4-oxobutanoate (5)

A suspension of 0.3 g (0.94 mmol) of 4-(4-(3-tert-butyl-1,2,4-
oxadiazol-5-yl)phenylamino)-4-oxobutanoic acid (3) in 10 mL

of diethyl ether was cooled in an ice bath, and a solution of
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diazomethane in diethyl ether 2.5 N was added dropwise until
the white solid disappeared, and the gas evolution stopped. The
solvent was removed under high vacuum to afford 0.298 g
(0.9 mmol, 96%) of 5 as a white solid. No further purification
was necessary. MS m/z: 331 (M*, 10), 299 (50), 284 (15), 202
(100); HRMS: caled. for C;7H,N304%, 331.15266; found,
331.15275; 'H NMR (200 MHz, CDCl3) & 8.34 (s, IH-NH),
8.11-8.02 (m, 2H), 7.70-7.66 (m, 2H), 3.72 (s, 3H), 2.82-2.67
(m, 4H), 1.42 (s, 9H); '3C NMR (50 MHz, CDCl3) & 27.8
(-CH3), 28.3, 31.3, 31.7, 51.4, 118.7, 119.3, 128.4, 141.0,
169.5, 173.0, 173.9, 177.6; mp 144-146 °C; IR (ATR): 1/A
3391 (w), 2966 (w), 1738 (m), 1702 (m), 1607 (m), 1595 (w),
1507 (s), 1492 (m), 1524 (w), 1392 (w), 1351 (m), 1327 (s),
1274 (w), 1251 (w), 1197 (m), 1172 (s), 1156 (s), 1097 (w), 991
(w), 988 (w), 863 (m), 836 (w), 797 (W), 773 (m), 699 (w), 690
(w), 617 (s) cm™ L.

Synthesis of (2)-4-(4-(3-tert-butyl-1,2,4-oxadiazol-5-

yh)phenylamino)-4-oxobut-2-enoic acid (6)

0.3 g (1.38 mmol) of 4-(3-tert-butyl-1,2,4-oxadiazol-5-
yDaniline (1) was mixed under inert conditions with an
equimolar amount of 0.135 g (1.38 mmol) of maleic anhydride
in 20 mL of DCM. This mixture was vigorously stirred at room
temperature for 3 hours. The remaining residue was freed from
solvent and suspended in 50 mL of water, and the pH value was
adjusted to 2-3 with a 1 N solution of HCI. The resulting
suspension was filtered, the product dried in vacuum and flash
chromatographed (silica, ethyl acetate/hexane 2:1), yielding
after purification 0.365 g (1.15 mmol, 84%) of 6 as a white
solid. MS m/z: 315 (M*, 15), 297 (50), 217 (55), 200 (100), 120
(75); HRMS: calcd. for C;gH|7N304", 315.12136; found,
315.12144; 'H NMR (200 MHz, DMSO-dg) & 12.94 (bs, 1H),
10.73 (s, 1H, -NH), 8.14-8.03 (m, 2H), 7.96-7.85 (m, 2H),
6.61-6.32 (m, 2H), 1.38 (s, 9H); 13C NMR (50 MHz, DMSO-
dg) 6 28.0 (-CH3), 31.9, 118.3, 119.4, 128.7, 130.1, 131.4,
142.7, 163.6, 166.8, 174.2, 177.5; mp 214-216 °C; IR (ATR):
1/h 3288 (w), 3104 (w), 2974 (w), 1707 (m), 1633 (w), 1616
(w), 1586 (m), 1566 (w), 1532 (s), 1520 (s), 1496 (s), 1467 (m),
1409 (w), 1396 (w), 1348 (w), 1325 (m), 1281 (w), 1267 (w),
1188 (m), 1101 (w), 976 (m), 899 (w), 849 (s), 776 (m), 737
(w), 738 (w), 632 (w), 615 (m) cm™ .

Synthesis of 1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-
yl)phenyl)-1H-pyrrole-2,5-dione (7)

0.25 g (0.79 mmol) of (2)-4-(4-(3-tert-butyl-1,2,4-oxadiazol-5-
yl)phenylamino)-4-oxobut-2-enoic acid (6) was mixed with an
equimolar amount of sodium acetate (0.065 g, 0.79 mmol) in
15 mL of acetic anhydride, and the mixture was then heated for
4 h at 80-85 °C. After cooling, the product was washed with
100 mL of water at pH ~ 2—3. The solid was dried in vacuum

and flash chromatographed (silica, ethyl acetate/hexane 2:1),
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yielding after purification 0.176 g (0.59 mmol, 75%) of 7 as a
white solid. MS m/z: 297 (M™, 60), 282 (15), 200 (100); HRMS:
caled. for C1gHisN303%, 297.11079; found, 297.11127;
TH NMR (200 MHz, CDCl3) & 8.26-8.14 (m, 2H), 7.62—7.54
(m, 2H), 6.88 (s, 2H), 1.44 (s, 9H); 13C NMR (50 MHz, CDCls)
8 28.2 (-CHj), 32.3, 123.2, 125.5, 128.5, 134.2, 134.8, 168.6,
174.0, 178.3; mp 123-125 °C; IR (ATR): 1/A 3474 (w), 3096
(W), 2975 (w), 2927 (w), 1713 (s), 1614 (w), 1567 (w), 1521
(m), 1502 (m), 1466 (w), 1395 (m), 1385 (m), 1351 (w), 1306
(w), 1238 (w), 1195 (m), 1149 (s), 1064 (w), 1022 (w), 988 (W),
949 (w), 905 (w), 842 (m), 827 (s), 771 (m), 737 (w), 700 (s),
686 (m), 652 (w), 624 (w) cm™ L.

X-ray structure determinations

Data are summarized in Table 2. Intensities were determined at
100 K on Oxford Diffraction diffractometers by using mono-
chromated Mo Ko or mirror-focussed Cu Ka radiation. Struc-
tures were refined on FZ using the program SHELXL-97 [38].
Hydrogen atoms were refined either freely (NH), by using rigid
methyl groups allowed to rotate but not tip or by using a riding
model starting from calculated positions. Structure 5 was
treated as a non-merohedral twin.

CCDC-924911 (1), CCDC-951265 (2), CCDC-924912 (4),
CCDC-924913 (5), CCDC-924914 (6) contain the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/.

In vitro antitumor activity toward human
tumor cell lines

Antitumor activity of the compounds was tested in a monolayer
cell survival and proliferation assay with human tumor cell
lines. Studies carried out with panels of human tumor cell lines
of different origin and histotype allow for the analysis of
potency and tumor selectivity of test compounds.

Ten out of the eleven tested cell lines were established at
Oncotest from patient-derived human tumor xenografts
passaged subcutaneously in nude mice [39]. The origin of the
donor xenografts was described [40,41]. The cell line HT-29
was kindly provided by the National Cancer Institute (Bethesda,
MA, USA). Cells were cultured in RPMI 1640 medium, supple-
mented with 10% fetal calf serum and 0.1 mg/mL gentamicin
under standard conditions (37 °C, 5% CO,). Authenticity of all
cell lines was proven by STR analysis at the DSMZ (Braun-
schweig, Germany).

A modified propidium iodide assay was used to assess the com-

pounds’ activity toward human tumor cell lines [42]. Briefly,

cells were harvested from exponential phase cultures by
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Table 2: Crystallographic data for compounds 1, 2, 4-6.

Compound 1 2
Formula C12H15N3O C12H137N303
M, 217.27 247.25299.33

colourless tablet
0.24 x 0.12 x 0.07

colourless tablet
0.15%x0.15x 0.1

Habit
Cryst. size (mm)

Crystal system monoclinic orthorhombic
Space group P24/c Pbca
Cell constants:

a(A) 15.6514(10) 6.7175(4)
b (A) 9.0961(6) 13.8116(6)
c(A) 18.4999(12) 26.1018(9)
a(®) 90 90
B(°) 114.371(8) 90

v (°) 90 90

Vv (A3) 2399.1 2421.7

z 8 8

Dy (Mg m~3) 1.203 1.356

u (mm™1) 0.08 0.10
F(000) 928 1040
T(°C) -173 -173
Wavelength (A) 0.71073 0.71073
26max 52.8 56.6
Refl. measured 41755 55696
Refl. indep. 4908 2483
Rint 0.064 0.074
Parameters 311 166
WR(F2, all refl.) 0.057 0.061
R(F, >40(F)) 0.035 0.031

S 0.73 0.81
max. Alp (e A™3) 0.17 0.18

trypsinization, counted and plated in 96-well flat-bottom
microtiter plates at a cell density dependent on the cell line
(4.000-20.000 cells/well). After 24 h recovery period to allow
the cells to adhere and resume exponential growth, compounds
were added at 10 concentrations in half-log increments and in-
cubated for 4 days. The inhibition of proliferation was deter-
mined by measuring the DNA content with an aqueous
propidium iodide solution (7 pg/mL). Fluorescence was
measured by using a Cytofluor micro-plate reader (excitation
A =530 nm, emission A = 620 nm) and thus establishing a direct
relationship to the total viable cell number. In each experiment,

all measurements were carried out twice.
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4 5 6
C16H17N303 C17H21N304 C17H21N304
299.33 331.37 331.37

colourless needle
0.11 x 0.05 x 0.02

colourless plate
0.18 x 0.09 x 0.02

colourless prism
0.07 x 0.05 x 0.03

monoclinic monoclinic trigonal
P24/c P1 R3
13.8569(4) 5.4494(5) 28.0192(6)
15.3562(4) 6.1403(6) 28.0192(6)
6.8926(2) 25.283(2) 10.0740(8)
90 86.906(8) 90
94.918(2) 85.277(8) 90
90 72.926(8) 120
1461.27 805.57 6849.3
4 2 18
1.361 1.366 1.376
0.80 0.81 0.84
632 352 2988
-173 -173 -173
1.54184 1.54184 1.54184
152 152 152
16680 28530
3034 3747 3156
0.027 0.067
202 226 219
0.086 0.179 0.098
0.032 0.062 0.039
1.06 1.07 1.04
0.21 0.38 0.17
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Allylic oxidations of olefins to enones allow the efficient synthesis of value-added products from simple olefinic precursors like
terpenes or terpenoids. Biocatalytic variants have a large potential for industrial applications, particularly in the pharmaceutical and

food industry. Herein we report efficient biocatalytic allylic oxidations of spirocyclic terpenoids by a lyophilisate of the edible

fungus Pleurotus sapidus. This “’mushroom catalysis’’ is operationally simple and allows the conversion of various unsaturated

spirocyclic terpenoids. A number of new spirocyclic enones have thus been obtained with good regio- and chemoselectivity and

chiral separation protocols for enantiomeric mixtures have been developed. The oxidations follow a radical mechanism and the

regioselectivity of the reaction is mainly determined by bond-dissociation energies of the available allylic CH-bonds and steric

accessibility of the oxidation site.

Introduction

Selective oxidations of CH-bonds are attractive synthetic trans-
formations with a broad spectrum of applications in academia
and a high impact on the industrial chemical value chain as they

convert relatively cheap precursors into value-added products

[1,2]. Among these transformations, allylic oxidations are of

high interest because the olefinic starting materials are readily

2233

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:rehbein@chemie.uni-hamburg.de
mailto:maison@chemie.uni-hamburg.de
http://dx.doi.org/10.3762%2Fbjoc.9.262

available as cheap bulk chemicals and many interesting deriva-
tives such as terpenes are available from renewable sources
[3-5]. In addition, the resulting allyl alcohols [6-10] or a,f-
unsaturated carbonyl compounds are attractive synthetic targets
of high economic and scientific interest [11-17]. Allylic oxida-
tions of olefins to enones have classically been performed with
strong oxidants such as chromium or other metal-based reagents
[18,19]. In addition, metal-free and biocatalytic methods have
been reported [5]. Several of these biocatalytic protocols have
been applied to the synthesis of fine chemicals [20-22], drugs
[23], and food ingredients [24-26]. A particularly interesting
biocatalytic system for allylic oxidation is the edible fungus
Pleurotus sapidus (PSA), which is able to oxidize selected
terpenes and fatty acids [27-31]. We have recently shown that
the lyophilisate of PSA is able to affect allylic and benzylic
oxidations in a broad range of olefinic substrates including
simple cyclohexene derivatives and several functionalized
terpenoids (Figure 1) [32].

Biocatalytic allylic oxidations with PSA may be performed with
the lyophilisate from submerged cultures. Cyclic alkenes and
particularly cyclohexene derivatives are the preferred substrates
of PSA. A PSA-derived dioxygenase has been shown to be re-
sponsible for the allylic oxidation of valencene to nootkatone,
and the same enzyme oxidizes unsaturated fatty acids [29,31]. It
is thus likely that this dioxygenase is the major oxidant in other
allylic oxidations with PSA-lyophilisate, too. However, since
the lyophilisate is a mixture of enzymes, alternative oxidation

Beilstein J. Org. Chem. 2013, 9, 2233-2241.

pathways cannot be ruled out for other substrates. Reviewing
the available examples for PSA-mediated conversions in the
literature, the regio- and chemoselectivity of these oxidations
seems to be determined by the radical mechanism of the reac-
tions and would thus follow well-established rules for other
radical-type allylic oxidations [33-36].

A notable example of an allylic oxidation with PSA is the
conversion of theaspirane (1), a spirocyclic flavor compound of
tea, vanilla and different fruits [37] to the corresponding thea-
spirone (2) (Scheme 1) [32].

The reaction is quite clean and gives the enone 2 in good yield
along with minor amounts of the corresponding allyl alcohol 3
and the epoxide 4a. This successful conversion of theaspirane
(1) encouraged us to investigate the oxidation of other spiro-
cyclic terpenoids. Many oxidized spiroethers are valuable flavor
compounds or have other interesting biological properties such
as phytotoxic activity. A few selected examples are depicted in
Figure 2.

In this paper, we report biocatalytic allylic oxidations of spiro-
cyclic model compounds and of the natural product vitispirane
with the lyophilisate of PSA. A rationalization of the observed
selectivity is provided by means of computational determin-
ation of bond-dissociation enthalpies and correlation with struc-

tural and electronic features. In addition, a short synthesis of

vitispirane is presented.

Figure 1: Selected biocatalytic allylic and benzylic oxidations with the lyophilisate of Pleurotus sapidus (PSA).
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10% 5%

Scheme 1: Biocatalytic allylic oxidation of theaspirane (1) with lyophilisates of PSA. Only one enantiomer of racemic compounds is shown.

OH OH

heliespirone A

heliespirone B

vitispirane

Figure 2: Selected bioactive terpenoids based on spiroether back-
bones [38,39].

Results and Discussion

Allylic spiroethers, such as theaspirane (1) (Scheme 1) are suit-
able substrates for allylic oxidations with PSA. Due to their
interesting properties as flavor compounds, we focused our
attention to the oxidation of terpenoid spiroethers. As model
compounds, unsaturated spiroethers 7, 8, 11 and 12 were
synthesized by the intramolecular silyl-modified Sakurai reac-
tion of precursors 5 and 10 and alkene 6 (Scheme 2). Two pairs
of regioisomeric endocyclic derivatives 7, 8 and 11, 12 were
obtained as the major products of cyclization in a 1:1 mixture.
The third regioisomer 9 and 13 respectively, with an exocyclic
double bond was observed in minor amounts only. Separation
of the regioisomeric spiroethers by column chromatography
proved to be difficult, and in both cases only the two major
isomers with endocyclic double bonds were isolated in pure
form. The regioisomeric spiroethers 7, 8, 11 and 12 are interest-

O
ol
5

TMSOTF, CH,Cly,
-20°C, 4 h

)I\/\OTMS

6
o} TMSOTF, CH,Cl,,
J\/\ —20°C,5h
+
OTMS
10 6

ing model compounds for the allylic oxidation with PSA
because they contain allylic positions with different stereoelec-
tronic properties.

All four spiroethers 7, 8, 11 and 12 were submitted to identical
conditions and were treated with PSA lyophilisate in Tris-buffer
at room temperature (Scheme 3). The reactions were monitored
by GC. The oxidation of allyl ether 7 may follow two alter-
native pathways either to the o,B-unsaturated lactone 14 or to
the enone 15 (allylic oxidations at exocyclic positions are gen-
erally less favorable if radical mechanisms are operating) [35].
Due to sterical hindrance at position 5 and the strong activation
for hydrogen abstraction in position 2, spiroether 7 was selec-
tively converted to the spirolactone 14. The alternative oxi-
dation product 15 was not found by GC-MS. The regioiso-
meric spiroether 8 offers only one plausible path for allylic oxi-
dation in position 3. However, this spiroether was not converted
at all and the starting material 8 was recovered almost quantita-
tively from the reaction mixture. This finding may reflect the
increased sterical hindrance of the allylic position in 8
compared to the site of oxidation in regioisomer 7 and a less
stable radical intermediate.

Similar results were obtained for oxidation of spiroethers 11
and 12 which contain two separated double bonds. The allyl
ether 11 allows three plausible oxidation products 17-19.
However, due to our experiences with oxidations of 7, 8 and

A =
+
0 (o) o
7,45% 8,44% - 9 -
X 7
+
0
° (/ ° i/
11, 37% 12,30% - 13 .

Scheme 2: Intramolecular silyl modified Sakurai reaction to spiroethers 7-9 and 11-13.
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N PSA, Tris-buffer, N O
5 rt, 48 h +
2
(¢} 77% conversion o "0
7 14, 45% yield 15, not found
_ PSA, Tris-buffer, — O
3 rt,48 h
O no conversion o)
8 16, not found
PSA, Tris-buffer, X o) N X
, 48 h + +
o~ "0 (0] (0]

99% conversion

PSA, Tris-buffer,

17, 32% yield

18, not found 19, not found

0]

= =
73 m7d
o (6] no conversion P o 0
12 20, not found 21, not found

Scheme 3: Biocatalytic allylic oxidation of spiroethers 7, 8, 11 and 12 with the lyophilisate of PSA. Conversion was measured by GC and yields are
given after isolation of the oxidation products and purification by chromatography.

theaspirane (1), position 2 should be activated most strongly for
hydrogen abstraction and should thus be privileged for oxi-
dation. As a consequence, the a,B-unsaturated lactone 17 is
indeed the major product along with some unidentified more
complex oxidation products. Again, oxidation in 5-position of
11 to the enone 18 was not observed. In addition, the allylic
hydrogens in 9-position are obviously also of low reactivity and
the corresponding oxidation product 19 was also not detectable.
In agreement with the oxidation of 8, substrate 12 was not
oxidized by PSA at all and the starting material was reisolated
almost quantitatively.

Computational analysis (for full computational details see
Supporting Information File 1) of relative radical stabilities and
bond-dissociation enthalpies (BDHjy9g) based on DFT (B3LYP/
6-31+G** and B3LYP/6-31G* + PCM) and composite method
(CBS-QB3) calculations enable a quantification and visual
rationalization of the observed experimental results. Since PCM
and gas phase results do not differ significantly neither in terms
of geometry nor energy, we will restrict the discussion to gas
phase values only unless otherwise stated (for details of the
PCM results see Supporting Information File 1). The CBS-QB3
method has been used to obtain accurate energies and to eval-
uate the DFT-energies in terms of relative and absolute values.

For this comparison CBS-QB3 has been applied to model struc-

tures 11A and 11B that contain key structural features of 11 and
12 (Table 1). According to the data summarized in Table 1 and
Table 2 B3LYP/6-31+G** gives reasonable results and is a
suitable method to predict at least relative BDH-values of
C-H bonds of the spiro compounds at hand. In absolute terms,
B3LYP underestimates the BDH systematically by
2.9-4.6 kcal/mol.

The experimental observation as summarized in Scheme 3, e.g.,
the selective oxidation in 2-position of an allyl ether subunit
may be rationalized by the particularly low BDH,gg for the
corresponding C—H bond compared to the other allylic C—H
bonds (Table 2). Carbon-centered radicals adjacent to an
oxygen atom are commonly known to be stabilized as they
benefit from inductive effects as well as from orbital interac-
tions of the p-type lone pair of the oxygen atom with the half-
filled p-orbital of the mainly sp2 hybridized radical [40]. The
picture of the SOMO and the mapped out spin density of 11-R3
illustrate the latter effect (Figure 3). In addition, the methyl
group in 3-position of the allylic system in 11-R3 as well as in
the model system 11B-R3 helps to stabilize the radical further,
mainly by hyperconjugation. In total, both substituent effects
result in a rather low C—H bond-dissociation enthalpy of
79.5 kcal/mol at CBS-QB3 level of theory (74.9 kcal/mol
B3LYP/6-31+G**, Table 2).
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Table 1: Model substrates 11A and 11B that allowed a determination of accurate BDH»gg values with the CBS-QB3 method.

11A-R1 11A 1 11B ~
o °
11B-R3
CBS-QB3
entry compd
BDHogg [kcal/mol] AG [keal/mol]
1 11A-R1 83.5 75.0
2 11B-R2 86.9 77.4
3 11B-R3 79.5 70.8

Table 2: Optimized geometries and BDHygg values of radicals derived from 11 and 12 for gas phase and PCM calculations.

11-R1 11-R2 11-R3 12-R1 12-R2
B3LYP/6-31+G** B3LYP/6-31G* + PCM
entry compd AHR AG? BDHags AHR AG? BDHagg
[kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]

1 1 1.2 1.3 — 1.0 1.2 —
2 11-R1 -1.5 -0.2 80.9 -1.9 -0.3 81.6
3 11-R2 0.5 0.7 82.9 0.3 0.7 83.7
4 11-R3 -7.5 -6.4 74.9 -7.8 0.0 74.6
5 12 0.0 0.0 — 0.0 0.0 —
6 12-R1 -3.3 -21 80.3 3.4 2.0 80.1
7 12-R2 0.0 0.0 83.6 0.0 0.0 83.4

@Referring to 12 for closed-shell species and 12-R2 for radicals.

Compared to the other potential allylic radicals like 11-R1 and
11-R2, 11-R3 is up to 8 kcal/mol more stable. Within the subset
of allylic radicals that differ only by their alkyl substitution
pattern (11-R1, 11-R2, 12-R1 and 12-R2) the energetic differ-

ences are less pronounced. Equally, the reasons for the small
variations in BDHy9g values are more subtle and might be
referred to additional steric strain imposed by a change in

hybridization of the carbon atom from sp> to sp2 upon radical
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Figure 3: Bond-dissociation enthalpies for three allylic C—H bonds in 11. Double stabilization of the radical in 11-R3 by the adjacent oxygen and
hyperconjugation lead to a rather low BDH of 74.9 kcal/mol (B3LYP/6-31+G**).

formation and hyperconjugation effects (Table 2). Correlating
the experimental observations with the computational results,
one can deduce that a BHD,9g of around 80 kcal/mol (CBS-
QB3) seems to be a threshold that might be used as a guideline
to decide whether an allylic oxidation of spiro compounds
related to 11 and 12 with PSA takes places or not.

As a further test on the substrate scope of the reaction, we were
interested in the biocatalytic oxidation of vitispirane as a
terpenoid with a conjugated double bond and a sterically
hindered allylic position (Figure 2). Vitispirane is a flavor com-
pound of vanilla and quince fruit and was identified in grape
juice and wine [41,42]. Various syntheses of vitispirane have
been reported in the literature [43-45]. To get sufficient quan-
tity of the oxidation precursor, we focused on a strategy
reported by Ohloff starting from commercially available thea-
spirane (1) [46]. As described by Ohloff and coworkers, the
separation of vitispirane diastereoisomers is quite difficult.
Therefore we decided to start with diastereomerically pure thea-
spirane (trans-1) that was obtained by chromatographic sep-
aration of the commercial diastereomeric mixture of cis- and
trans-theaspirane (1). As depicted in Scheme 4, trans-theaspi-
rane (trans-1) was converted to the corresponding epoxides 4a
and 4b following the literature protocol using m-chloroper-
benzoic acid. The major epoxide 4a was obtained in good yield
and a diastereoselectivity of 11:1.

Isomerisation of epoxide 4a to allyl alcohol 22 was reported
with aluminium triisopropoxide at 140 °C [46]. However, in our
hands this procedure gave only complex reaction mixtures

containing minor amounts of the target allyl alcohol 22. In an

alternative protocol, we used Yamamoto’s conditions [47] for
the isomerization of epoxides (TMP, n-BuLi, Et,AlICI) and
obtained allyl alcohol 22 in excellent 93% yield. The conver-
sion of allyl alcohol 22 to vitispirane (23) has been reported
with POClj in pyridine. Again, this known protocol did not
work satisfactory for us resulting in only minor amounts of the
desired vitispirane (23). As a consequence, we decided to use an
alternative method via acetylation and Pd-catalyzed elimination.
This conversion gave vitispirane (23) in good yield [48].
Overall, this improved protocol gave racemic vitispirane (23) in
three steps from theaspirane (frans-1) in excellent 72% overall
yield. It should be noted that the gas chromatographic sep-
aration of racemic vitispirane (23) has been reported by
Schreier [45]. In addition, we have been able to separate
racemic vitispirane by HPLC on a chiral stationary phase (see
Supporting Information File 1).

Vitispirane (23) is a challenging substrate for allylic oxidation
with PSA. As outlined above, the oxidation with PSA is quite
sensitive to steric and electronic factors and the allylic position
9 in vitispirane (23) is sterically hindered (Scheme 5).

Treatment of vitispirane (23) with PSA was indeed not a clean
conversion giving a number of different oxidation products.
From this mixture, however, three main products 24, 26a and
26b were identified unambiguously. So far, we have never
detected similar oxidation products with PSA and rationalize
their formation by an initial epoxidation of the endocyclic
double bond to give the allyl epoxide 25, which might then be
hydrolyzed to two diastereomeric alcohols 26a and 26b. The
latter reaction is known for similar allyl epoxides under slightly
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m-CPBA, CHCl,
0°C,1h

4b, 7%

Ac,0, pyridine,
rt, 24 h

then Pd(OAc),,
PPhs CaCOg3
dioxane, reflux

84%
vitispirane (23)

Scheme 4: Improved 3-step synthesis of vitispirane (23) from theaspirane (1). Only one enantiomer of racemic compounds is shown.

PSA, Tris-buffer,
rt, 48 h

conversion = 80%

[0]

hydrolysis
_—

16%

26a

26b

Scheme 5: Oxidation of vitispirane (23) with PSA gave enone 24 and two diastereomeric allyl alcohols 26a and 26b. A putative intermediate is
epoxide 25, which upon hydrolysis would give allyl alcohols 26a and 26b. Oxidation of the latter might provide enone 24. Only one enantiomer of

racemic compounds is shown.

acidic conditions [49]. However, participation of hydrolases
from the PSA lyophilisate is also possible. A fraction of
the resulting alcohols 26 would then finally be oxidized to
give enone 24. Support for an epoxide intermediate comes
from oxidations of substrates containing similarly hindered
allylic CH-bonds. For B-ionone, for example, we have
previously observed epoxidation to be the major oxidation
pathway.

It should be noted, that all three compounds 24, 26a and 26b are
new derivatives of vitispirane 24 with potentially interesting
properties as flavors. The relative stereochemistry of 26a and
26b was evaluated after HPLC separation of the two diastereo-
isomers by 2D-NOESY NMR.

The compounds 24, 26a and 26b were obtained as racemic

mixtures. However, we found HPLC protocols for the sep-
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aration of these terpenoids with commercial chiral stationary
phases (see Supporting Information File 1). This allows the
isolation of large quantities of the enantiomerically pure deriva-

tives and their detailed olfactory analysis.

Conclusion

The edible fungus PSA allows efficient allylic oxidations of
terpenoid olefins. The oxidation protocols are quite simple,
because the lyophilisate of PSA can be used as a catalyst. In this
paper we have investigated the substrate scope of these biocat-
alytic oxidations with a special focus on spiroether derivatives
due to their high relevance as flavor compounds. Several new
spirocyclic model compounds and the natural product vitispi-
rane (23) were synthesized and submitted to oxidation with
PSA. The outcome of these oxidations was found to be depen-
dent on steric and electronic factors of the substrate. The re-
activity of most terpenoids towards allylic oxidation with PSA
can thus be estimated using the same rules established for
conventional radical oxidations: The reactivity is determined by
bond-dissociation energies of the allylic CH-bonds. Correlating
the experimental observations of this study with computational
results we deduced a threshold BHD,gg of around 80 kcal/mol
as a guideline to decide whether an allylic oxidation with PSA
takes places or not.

Allyl spiroethers 7 and 11 were oxidized to the corresponding
o,pB-unsaturated lactone derivatives 14 and 17, whereas the close
derivatives 8 and 12 containing slightly less reactive allylic
C-H bonds were not converted by PSA at all. The natural prod-
uct vitispirane (23) was oxidized by PSA, and three new vitispi-
rane derivatives 24, 26a and 26b were isolated. In this case, the
oxidation pathway is not favoring products of allylic oxidation
but most likely those of epoxidation with subsequent hydrol-
ysis of the epoxide. HPLC protocols with chiral stationary
phases allow the separation of racemic mixtures of oxidized
vitispirane derivatives.

Supporting Information

Supporting Information File 1

Computational details, experimental procedures, analytical
data, NMR spectra and chromatograms of new compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-262-S1.pdf]
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The chemical synthesis and biological evaluation of new cyclopamine analogs bearing exocyclic methylenes in different positions

is described. Bis-exo-cyclopamine 6 was identified as a potent inhibitor of the Glil-dependent luciferase expression in Shh-

LIGHTII cells. An extension of this study to F-ring-modified structures shows the necessity of a rigidly positioned nitrogen atom

for bioactivity as well as the presence of the C21 methyl group for acid stability and bioactivity.

Introduction

Hedgehog signaling is involved in embryonic development and
plays an important role in the maintenance of stem cells, tissue
repair and regeneration in adult organisms [1-4]. The erroneous
activation of hedgehog signaling is tightly associated with the
occurrence of basal cell carcinoma and medulloblastoma [5]. In
addition, several other tumors are co-dependent on hedgehog
signaling, examples for this type are cancers of the skin [6,7],
brain [8,9], lung [10], pancreas [11], breast [12], prostate

[13,14], colon [15], rhabdomyosarcoma [16], lymphoma [17-
19], multiple myeloma [17,20], and chronic myeloic leukemia
[21-23]. More recently, other diseases like diabetes [24,25],
neurodegenerative disorders [26], and trisomy [27,28], have
been linked with hedgehog signaling.

Cyclopamine (1, see Figure 1) was the first inhibitor of the
hedgehog signaling pathway to be identified. As a highly selec-
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tive inhibitor of the transmembrane protein Smoothened (Smo),
an integral component of hedgehog signaling, it presents an
attractive target for medicinal and pharmaceutical research
[29,30]. Unfortunately, its direct development into a drug is
hampered by its low metabolic stability (decomposition at
pH < 3) [31] and rather moderate potency (ICsg ~ 5 pM).

2: exo-cyclopamine

1: cyclopamine

Figure 1: Structures of cyclopamine and exo-cyclopamine.

We previously reported the first chemical synthesis of
cyclopamine (1) starting from dehydroepiandrosterone and
utilizing the C—H-functionalization logic and a biomimetic
skeleton rearrangement [32,33]. Furthermore, quantum mechan-
ical calculations guided our design and synthesis of exo-
cyclopamine (2, see Figure 1), a ten-fold more potent and acid-
stable analog with an exo-methylene unit at C13—C18 [34].
Herein, we describe a comprehensive study of cyclopamine
analogs bearing exo-methylene units in different positions and
extent this rational to F-ring-modified structures.

Results and Discussion

Our synthetic approach to the analogs described here started
from previously reported azide 3 which was converted in six
steps [32] to the protected bis-exo-methylene compound 4.
Carefully chosen conditions for the deprotection of the benzyl
ether (DDQ, DCE/pH 7 phosphate buffer, 40 °C, 86%) and the
benzenesulfonylamine (sodium naphthalenide, DME, —78 °C,
79%) allowed for the isolation of bis-exo-cyclopamine 6 in 18%
overall yield from 3. The hydrogenation of intermediate 4 by
using Wilkinson’s catalyst in benzene yielded previously
described exo-cyclopamine 2 and its C25 epimer 5. Deprotec-
tion with Raney-nickel (EtOH, 78 °C) and then sodium naph-
thalenide (DME, —78 °C, 41% over two steps) furnished 25-epi-

exo-cyclopamine 5 in 3% overall yield from 3.

A first set of exo-cyclopamine analogs with a modified F-ring
was obtained starting again from azide 3 (see Scheme 1).
Reduction of the lactone moiety to give a tetrahydrofuran was
accomplished in three steps including (1) partial reduction to
the lactol (DIBAI-H, THF, =78 °C to —60 °C, 95%), (2) acetyla-
tion (Ac,0O, pyridine, cat. DMAP, quant.) and (3) reductive

Beilstein J. Org. Chem. 2013, 9, 2328-2335.

removal of the so-obtained acetate (Et3SiH, BF3-Et,0, =78 °C
to —20 °C, 79%). Removal of the benzyl ether, reduction of the
azide moiety and concomitant alkylation was then all effected in
one pot by using Raney-nickel in EtOH to give analog 8, an
F-ring-opened exo-cyclopamine derivative in 27% overall yield
from 3. Alternatively, the use of previously devised conditions
for benzyl deprotection (DDQ, DCE/pH 7 phosphate buffer,
45 °C, 78%) and then sodium borohydride-mediated reduction
of the azide (EtOH, 65 °C, 62%) cleanly furnished primary
amine 9, an exo-cyclopamine derivative with no F-ring (35%
overall yield from 3).

A second set of F-ring-modified exo-cyclopamine derivatives
was obtained starting from previously described 12-B-triethylsi-
lyloxy compound 10 (see Scheme 2) [32]. To construct the
spirolactone 12, a three-step process consisting of (1) allylation
(allylcerium chloride, THF, 0 °C, 93%), (2) hydroboration/oxi-
dation (9-BBN, THF, 70 °C; then NaBOj3, H,0, 50 °C, 91%)
and finally, (3) oxidative cyclization (BAIB, cat. TEMPO,
CH;Cl,, 25 °C, 73%) was employed. Deprotection of the silyl
ether (HF, MeCN, 25 °C, 87%) and base-induced rearrange-
ment of the steroid skeleton via the corresponding triflate
(Tf,0, pyridine, 0 °C—50 °C, 46%) gave C-nor-D-homo-
derivative 13 which, in turn, was transformed into lactone azide
14 by using Evans’ conditions (LDA, THF, =78 °C to =30 °C,
10 min; then trisylazide, THF, —78 °C, 1.5 h, 43%) [35]. From
14 two additional exo-cyclopamine derivatives became acces-
sible. Partial reduction to the lactol (DIBAI-H, THF, =78 °C to
=65 °C, 88%) and Horner—Wadsworth—-Emmons reaction by
using previously reported dimethyl {3-[(4-methoxybenzyl)oxy]-
2-oxopropyl}phosphonate [32], (Ba(OH),, THF/H,0, 80 °C,
50%) led to 15 which, in turn, was methylenated by employing
the Peterson protocol (TMSCH,CeCl,, THF, —78 °C; then
TMEDA; then HF, MeCN, 25 °C, 64%) [36]. Towards this end
the azide moiety was reduced and monoprotection of the
so-obtained amine as a sulfonamide (LiAlH4, THF,
0 °C—25 °C; then benzenesulfonyl chloride, Et3N, DMF, 0 °C,
69%) gave 17. Deprotetion of the 4-methoxybenzyl ether
(DDQ, DCE/pH 7 phosphate buffer, 25 °C, 59%) and cycliza-
tion under Mitsunobu conditions (r-BuzP, DEAD, toluene,
0 °C—25 °C, 93%) yielded piperidine 18. Deprotection of the
benzyl ether by using previously devised conditions (DDQ,
DCE/pH 7 phosphate buffer, 44 °C, 70%) and the benzenesul-
fonylamine (sodium naphthalenide, DME, —78 °C, 95%) gave
20-demethyl-bis-exo-cyclopamine 19 in 7% overall yield
starting from 14.

Starting from azido lactone 14 (see Scheme 2) a partial reduc-
tion to the lactol (DIBAI-H, THF, =78 °C to —65 °C, 88%) and
the Horner—Wadsworth—Emmons reaction by using triethyl
phosphonoacetate (Ba(OH),, THF/H,O, 80 °C, 55%) led to
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Scheme 1: Synthesis of 25-epi-exo-cyclopamine 5, bis-exo-cyclopamine 6, and derivatives 8 and 9. Reaction conditions: (a) DIBAI-H, THF, =78 °C to
-65 °C, 4 h, 95%; (b) Ac,0, pyridine, DMAP (cat.), 25 °C, 20 h, quant; (c) BF3-Et,0, Et3SiH, CH,Cly, =78 °C to =20 °C, 7 h, 79%,; (d) Rh(PPh3)3Cl,
benzene, Hp, 25 °C, 24 h, quant. (3:1 dr); (e) Raney-nickel (W2), EtOH, 78 °C, 5 min; (f) sodium naphthalenide, DME, -78 °C, 30 min, 41% over two
steps; (g) DDQ, DCE/phosphate buffer (pH 7), 40 °C, 95 min, 86%; (h) sodium naphthalenide, DME, =78 °C, 1 h, 79%; (i) Raney-nickel (W2), EtOH,
37%; (j) DDQ, DCE/phosphate buffer (pH 7), 45 °C, 1.5 h, 78%, (k) NaBHy4, EtOH, 65 °C, 5 d, 62%.

ethyl ester 20. Reduction of the azide moiety in 20 was carried
out by using Staudinger’s protocol (Ph3P, THF/H,O, 50 °C).
Immediate protection of the obtained amine (benzenesulfonyl
chloride, Et3N, CH,Cly, 40 °C, 97% over 2 steps) gave sulfony-
lamide 21. Reduction of the ester in 21 to the primary alcohol
(DIBAI-H, THF, —78 °C to —40 °C, 97%) and cyclization by
employing Mitsunobu conditions (n-Bu3P, DEAD, toluene,
0 °C—25 °C, 81%) yielded pyrrolidine 22. Previously devised
conditions for the deprotection (1. DDQ, DCE/pH 7 phosphate
buffer, 40 °C; 2. sodium naphthalenide, DME, —78 °C, 46%)
finally afforded F-nor-20,25-bis-demethyl-exo-cyclopamine 23
in 9% overall yield starting from 14.

Next, we examined all synthesized compounds for their ability
to inhibit the Glil-dependent luciferase expression in Shh-
LIGHTII cells, a clonal mouse fibroblast cell line which stably
incorporates a Gli-dependent firefly luciferase reporter and a

constitutive Renilla luciferase reporter [37]. The compounds
were tested in a concentration range from 0.01 uM to 10 uM.
While analogs 8, 9, and 19 showed no activity (data not shown)
in this concentration range, 5, 6, and 23 were active with
25-epi-exo-cyclopamine 5 having an ICsg of 3.29 + 0.31 uM,
F-nor-20,25-bis-demethyl-exo-cyclopamine 23 of 6.4 + 0.9 puM,
and bis-exo-cyclopamine 6 being the most active with an ICs
0f 0.20 £ 0.01 uM (see Figure 2).

Given the negative test results of compounds 8 and 9 it becomes
evident that the F-ring is necessary for bioactivity. The piperi-
dine moiety provides a rather rigidly placed nitrogen atom.
Nevertheless, a pyrrolidine as in compound 23 still provides the
correct orientation of the nitrogen atom. Despite compounds 8
and 9 being inactive in the assay, both derivatives induced cyto-
toxicity in the concentration range tested. Very subtle changes

of the conformation of the piperidine ring significantly change
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10 [32]

Scheme 2: Synthesis of 20-demethyl-bis-exo-cyclopamine 19 and F-nor-20,25-bis-demethyl-exo-cyclopamine 23. Reaction conditions: (a) allyl-
cerium chloride, THF, 0 °C, 30 min, 93%; (b) 9-BBN, THF, 70 °C, 6 h; then NaBOg, 50 °C, 12 h, 91%; (c) BAIB, TEMPO, CH,Cly, 25 °C, 3 h, 73%; (d)
HF 50 wt % in H,0, MeCN, 20 min, 25 °C, 87%; (e) Tf,0, pyridine, 0 °C—50 °C, 1.5 h; then additional Tf,0, 0 °C—50 °C, 2 h, 46%,; (f) LDA, THF,
-78 °C to —30 °C, 10 min; then trisylazide, THF, =78 °C, 1.5 h, 43%; g) DIBAI-H, THF, =78 °C to =65 °C, 2 h, 88%; (h) dimethyl (3-((4-
methoxybenzyl)oxy)-2-oxopropyl)phosphonate, Ba(OH),, THF/H0, 80 °C, 13 h, 50%; (i) (trimethylsilyl)methylcerium chloride, THF, =78 °C, 30 min;
then TMEDA, -78 °C, 15 min; then HF 50 wt % in H,O, MeCN, 25 °C, 10 min, 64%; (j) LiAlH4, THF, 0 °C—25 °C, 13 h; then benzenesulfonyl chlo-
ride, Et3N, DMF, 0 °C, 25 min, 69%; (k) DDQ, CHCly/phosphate buffer (pH 7), 25 °C, 2 h, 59%; (I) n-BuzP, DEAD, toluene, 0 °C—25 °C, 12 h, 93%;
(m) DDQ, DCE/phosphate buffer (pH 7), 44 °C, 50 min, 70%; (n) sodium naphthalenide, DME, =78 °C, 30 min, 95%; (o) triethyl phosphonoacetate,
Ba(OH),, THF, 80 °C, 12 h, 55%; (p) PPh3, THF/H,0, 50 °C, 24 h; then benzenesulfonyl chloride, EtsN, CH,Cl,, 40 °C, 5 h, 97%; (q) DIBAI-H, THF,
-78 °C to -40 °C, 3 h, 97%; (r) n-BuzP, DEAD, toluene, 0 °C—25 °C, 24 h, 81%; (s) DDQ, DCE/phosphate buffer (pH 7), 40 °C, 30 min, 62%; (t)
sodium naphthalenide, DME, =78 °C, 40 min, 74%.
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Figure 2: IC5q values of Shh inhibition by compounds 5, 6 and 23 in a Gli1-reporter gene assay. Data were obtained from three independent experi-

ments and represent the mean + standard deviation.

bioactivity: While 25-epi-exo-cyclopamine 5 shows reduced
activity in comparison to exo-cyclopamine 2, bis-exo-
cyclopamine 6 is the most active compound tested in this study.
Furthermore, the methyl group at C-20 seems to have a
pronounced effect on the bioactivity, with 20-demethyl-bis-exo-
cyclopamine 19 being completely inactive in the tested concen-

tration range.

Finally, we studied the stability of all newly synthesized com-
pounds towards acidic conditions. Therefore, they were exposed
to a pH of approximately 1 (MeOH, 1 M HCI) for 24 h. After
evaporation of all volatiles, "H NMR spectra were acquired and
compared to the initially obtained spectra of the pure com-
pounds. While compounds 5§, 6, 8, and 9 remained unchanged,

compounds 19 and 23 showed decomposition. This experiment
emphasizes the importance of the C-21 methyl group for the
stability of exo-cyclopamine derivatives. All synthesized com-
pounds, the number of steps required, and the respective overall
yield starting from 3 or 14, as well as their biological activity

and stability under acidic conditions are summarized in Table 1.

Conclusion

In conclusion, we succeeded in identifying the new
cyclopamine derivative bis-exo-cyclopamine 6 which surpasses
the biological potency of the parent compound by the 25-fold
and is stable at pH 1. Further insights were gained into the
structure—activity relationship of F-ring-modified analogs of
cyclopamine and the necessity of the C-21 methyl group for

Table 1: Synthesized exo-cyclopamine derivatives, number of steps, yields, results of their biological testing, and stability towards acid.

Compound

5: 25-epi-exo-cyclopamine

~Me

Number of steps
from 3 or 14

9 steps from 3

Overall Potency in Stability towards
yield Gli-assay acid (pH ~1, 24 h)
3% 3.29+0.31 uyM stable
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Table 1: Synthesized exo-cyclopamine derivatives, number of steps, yields, results of their biological testing, and stability towards acid. (continued)

8 steps from 3 18% 0.2+£0.01 uyM stable

4 steps from 3 27% >10 uM stable

5 steps from 3 35% > 10 uM stable

8 steps from 14 7% > 10 uM decomp.

7 steps from 14 9% 6.40 + 0.90 yM decomp.
23: F-nor-20,25-bis-demethyl-exo-cyclopamine
Previously synthesized and biologically evaluated:

9 steps from 3 7% 0.5 uM [34] stable

2: exo-cyclopamine
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Table 1: Synthesized exo-cyclopamine derivatives, number of steps, yields, results of their biological testing, and stability towards acid. (continued)

1: cyclopamine

bioactivity and acid stability was revealed. Our designed
analogs of cyclopamine are accessible in noticeably shorter and
higher yielding synthetic routes than the parent compound, a
fact that will further contribute to their usefulness in biological
and medicinal studies.

Supporting Information

Supporting Information File 1

Experimental details and analytical data of all synthesized
compounds are provided.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-267-S1.pdf]
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A concise enantioselective synthesis of the advanced intermediate 5 for the synthesis of pumiliotoxins (Gallagher’s intermediate) is

described. The synthesis started from the regio- and trans-diastereoselective (dr = 98:2) reductive 3-butenylation of (R)-3-(tert-

butyldimethylsilyloxy)glutarimide 14. After O-desilylation and Dess—Martin oxidation, the resulting keto-lactam 10 was subjected

to a highly trans-stereoselective addition of the methylmagnesium iodide to give carbinol 11 as sole diastereomer. An efficient ring

closure procedure consisting of ozonolysis and reductive dehydroxylation provided the indolizidine derivative 5, which completed

the formal enantioselective total synthesis of pumiliotoxins 251D and 237A.

Introduction

Pumiliotoxins (PTXs, 1, Figure 1) such as pumiliotoxin 251D
(2) are a subclass of indolizidine alkaloids isolated from the
skin secretion of neotropical frogs. A total of 19 members have
been isolated and partially characterized [1]. Pumiliotoxins are
structurally characterized by a (Z)-6-alkylidene-8-hydroxy-8-
methylindolizidine ring system, which distinguishes from one to

another by the 6-alkylidene side chain [1]. Interestingly, it is

known that poison frogs don’t produce the alkaloids them-
selves, instead, they accumulate alkaloids from dietary alkaloid-
containing arthropods serving as a chemical defense against
predators. It is not surprising that the alkaloids found in poison
frogs can also be detected from ants, and most of them show
remarkable bioactivities [2,3]. For example, formicine ants have

been shown to be an arthropod source of the pumiliotoxin alka-
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Figure 1: Structures of some pumiliotoxins and an advanced intermediate.

loids of dendrobatid poison frogs [4,5]. Forthermore, from the
extracts of an unidentified Scheloribates sp. of mites, pumil-
iotoxin 237A (3) was detected as a minor component [6].

That the wide range of biological activities possessed by these
molecules have attracted much attention of synthetic organic
chemists, and numerous approaches have been reported [7-9].
Pumiliotoxin 251D (PTX 251D) (2) is the first structurally
defined member of pumiliotoxins, a class of dendrobatid alka-
loids isolated from Ecuadorean poisonous frog, Dendrobares
tricolor in 1980 [10]. Since the pioneering work of Overman
[11], a number of approaches have been developed for the syn-
thesis of PTX 251D [12-26]. Among them, that of Gallagher
[12] has attracted much attention. They demonstrated that
(85,8a8)-8-hydroxy-8-methyl-5-indolizidinone (5, Figure 1) can
serve as an advanced intermediate for the synthesis of pumil-
iotoxin 251D [12]. Later on, Nubbemeyer and co-workers used
the Horner olefination to convert 5 and its diastereomer into
(+)-PTX 251D (2) and the 8-epimer of PTX 209F (4), respect-
ively [17]. Recently, (85,8aS)-5 has been used for the synthesis
of PTX 237A (3) [6]. Thus, it is logic to envision that an effi-
cient synthesis of this key intermediate would allow access to
other member of pumiliotoxins and their analogues. To date
more than ten synthetic approaches to (8S,8aS5)-5 have been
published [12-15,18-22,27-31], among them L-proline and its
derivative were used as popular precursors from the pool of
chiral compounds [13-15,18-22]. Herein, we report a concise
diastereoselective synthesis of (85,8a85)-5 starting from (R)-3-
(tert-butyldimethylsilyloxy)glutarimide 14, a versatile building
block developed from our laboratory [32].

Results and Discussion

In recent years, we have been engaged in the development of
efficient methodologies for the synthesis of nitrogen-containing
bioactive heterocycles [33-37], and recently reported an ap-
proach for the synthesis of (8R,8aS)-8-hydroxy-5-indolizidi-

pumiliotoxin 209F

N

./

(8S,8a S)-8-hydroxy-8-
methyl-5-indolizidinone

none (6) [38]. As a continuation of that study, the synthesis of
(85,8aS)-5 starting from compound 6 was envisioned. For this
purpose, alcohol 6 was subjected to Swern oxidation (DMSO,
(COCl),, iPrpNEt, =78 to 0 °C, 3 h), and the resulting keto-
lactam 7 treated with MeMgl in diethyl ether (=78 to 0 °C, 1 h),
which gave alcohols 5/5a as an inseparable mixture of dia-
stereomers in a ratio of 1:2.2 (combined yield: 47% over
2 steps) (Scheme 1). A comparison of spectral data (‘H and
13C NMR) of our products 5/5a with those reported [12,22,28]
showed that the desired (85,8aS)-5 was the minor diastereomer.
Similar results have been reported by Nubbemeyer [27] and Li
[8]. In view of the fruitless efforts of Nubbemeyer [27] and Li
[8] in inversing the diastereoselectivity of the methylation reac-
tion of keto-lactam 7, an alternative approach was envisaged.

0r
07 N

(COCl), DMSO

0 " ",
v/ iProNEt, CH,Cl, v/
6 7
MeMgl, Et;0 OH Q oH
o, + NT ™
47% over o N\J © \J
two steps

5 (1:22) 5a

Scheme 1: Synthesis of 5 from 6 via oxidation—addition sequence.

To develop a diastereoselective approach to (85,8a5)-5, it would
be helpful to analyze the plausible stereochemical course of the
methylation of keto-lactam 7. The observed unusual stereose-
lective cis-methylation implicates a preferential axial attack of
the methylmagnesium iodide to the bicyclic keto-lactam 7
(Scheme 2). Although the preferential axial attack of “small”
nucleophiles to cyclohexanone is well known [39-41], the

“small” nucleophiles are limited to some metallo-hydrides,
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Scheme 2: Plausible stereochemical course of the preferential axial addition of methylmagnesium iodide to bicyclic keto-lactam 7.

metallo-acetylenide [42] and (cyanomethyl)lithium [43]. In the
case of bicyclic keto-lactam 7, presumably, the equatorial attack
of methylmagnesium iodide to give 5, suffers from unfavorable
eclipsing interactions between the incoming methylmagnesium
iodide and the vicinal methylene group. As a consequence, the

axial attack to give Sa is more favorable.

It was envisioned that if a monocyclic keto-lactam was used,
the situation would be changed and an equatorial attack of the
nucleophile giving the cis-product would be preferable. Indeed,
Holmes and co-workers have reported that methylmagnesium
bromide addition to N-Cbz-protected piperidin-3-one 8
produced exclusively the frans-methylation product 9 [44]
(Scheme 3). In that case, the N-benzyloxycarbonyl group
imposed A!-3-strain on piperidine derivatives founded the basis
for the observed stereocontrol.

OTBDMS OTBDMS
(0]
MeMgBr, THF “10H
N ».,,,/\/OBZ 90% N ""//\/OH
|
Cbz Cbz
8 9

Scheme 3: Holmes’ exclusive trans-diastereoselective methylation of
N-Cbz-protected piperidin-3-one 8.

Thus, we chose keto-lactam 10 as our substrate. Although com-

pound 10 is not a urethane, and a Al3-strain not longer exists, a

o] O H
N -
PMB % — PMB\N%/
o /o
R Me~
10a 10b
R:%W

simple chair conformational-controlled preferential equatorial
attack could be expected (Scheme 4). Substrate 10 may adopt
two plausible chair conformations 10a and 10b, in which con-
formation 10b with a pseudoequatorially positioned N-o-substi-
tutent is more stable. Thus, the pseudoequatorial attack of
MeMgl would be preferential, which gives the product 11 as the
major product.

On the basis of the abovementioned analysis, a retrosynthetic
analysis of (8S,8a5)-5 is displayed in Scheme 5, which features
the formation of the fused pyrrolidine ring from the but-3-ene-
1-yl group, the expected trans-diastereoselective methylation as
the key step, and protected (R)-3-hydroxyglutarimide-based
regio- and trans-diastereoselective reductive alkylation, a
synthetic methodology developed from our laboratory
[32,38,45,46], as the starting point.

Our synthesis started from the addition of a freshly prepared
3-butenylmagnesium bromide to imide 13 [47] in
dichloromethane at —78 °C for 3 h, which gave regioselective
carbinol 15 as a mixture of two diastereomers. Without sep-
aration, the mixture was treated with Et3SiH/BF3-Et,O (=78 °C
to rt, 2 h) [32] to yield the reductive dehydroxylation products
16 and 17 in a ratio of 98:2 (determined by 'H NMR) [32]
(combined yield: 88% over 2 steps), from which only the major
product 16 was isolated (Scheme 6). For the chemoselective
debenzylation, lithium naphthalenide (LN) was used [48]. To
our disappointment, attempted cleavage of the benzyl group by
LN (THF, —40 °C to rt, 2 h) gave the desired 18 in only 20%
yield along with 60% of the recovered starting material 16.

PSep—__ 0

domr H
ook ™ol e Bﬁ(OH
N
R

Me
11a

Scheme 4: Our plan for the trans-diastereoselective methylation of keto-lactam 10.
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Scheme 5: Retrosynthetic analysis of (8S,8aS)-8-hydroxy-8-methylindolizidin-5-one (5).
OBn
o~ N° "0 CH,Cly
PMB -78°C,3h PMB
13 15
OBn OBn
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20%
OH LN, THF
/J:j/ —40°Ctorrt
e} N "":/\/

18 + 16 (60%)

Scheme 6: Synthesis of compound 18.

Due to the low yield in the debenzylation process, we decided
to change the O-protecting group from benzyl to TBDMS,
namely, use of TBDMS ether 14 as the starting material. Thus,
(R)-3-(tert-butyldimethylsilyloxy)glutarimide 14 [49] was
prepared from the known (R)-3-hydroxyglutarimide 19
(prepared from (R)-glutamic acid in 69% overall yield over 4
steps [47]) in a yield of 95%. Successive treatment of imide 14
with 3-butenylmagnesium bromide (CH,Cl,, =20 °C, 3 h) and
the resulting hemi-aminal with Et3;SiH/BF3-Et,O (CH,Cly,
=78 °C, 2 h, then —20 °C, 2 h) gave a diastereomeric mixture of
lactams. Without separation, the mixture was treated with
TBAF in dichloromethane to produce alcohols 18 and 20
(combined yield: 62% over 3 steps) in a ratio of 95:5 (deter-
mined by 'H NMR), along with the keto-amide 21 in 13% yield
(Scheme 7). Separation of the mixture by column chromatog-
raphy gave pure diastereomer 18 in 59% overall yield from 14.
The trans-stereochemistry was tentatively assigned to com-

pound 18 on the basis of our previous results, which was

confirmed by the conversion of 18 into the known compound 5§
(vide infra).

With lactam 18 in hand, its conversion to novel tertiary alcohol
22 was investigated. Oxidation of alcohol 18 with an excess of
Dess—Martin periodinane (DMP) in dichloromethane at room
temperature for 2 h proceeded smoothly to give ketone 10 in
93% yield. It is noteworthy that keto-lactam 10 is configura-
tional labile, and should be used immediately in the next reac-
tion. Treatment of keto-lactam 10 with MeMgl (3 equiv) in
dichloromethane (0 °C to rt, 12 h) gave a 76% yield of the
desired methylation product 11 as the sole observable diastereo-
mer (Scheme 8), whose stereochemistry was determined after
converting into the known (8S,8aS)-5. This result verifies the
previous assumption outlined in Scheme 4.

To remove the PMB protecting group, compound 11 was
treated with ammonium cerium nitrate (CAN) in CH3CN/H,0
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Scheme 7: Synthesis of hydroxylactam 18.
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Scheme 8: Synthesis of tertiary alcohol 22.

(v/v 3:1) [50] at room temperature for 4 h to afford the depro-
tected lactam 22 in 56% yield.

Our next task was the oxidative cyclization of the olefin 22 to
form the indolizidinone ring. Thus, ozonolysis of olefin 22 in
dichloromethane [51], followed by quenching with Me,S
furnished the hemiaminal tautomer via intermediacy of lactam-
aldehyde. Without isolation, the crude was subjected to the

reductive dehydroxylation with Et3SiH/BF3-Et,0 (CH,Cly,
—78 °C) to give the desired indolizidinone 5 in an overall yield
of 91% from 22 (Scheme 9).

The spectral data of the our synthetic (85,8aS5)-5 are in agree-
ment with those reported [12,22,27-29]. Due to the differences
between the reported optical rotation values {[a]p2° —42.7 (c
1.0, CHCIy); lit. [12] [a]p2! —47.0 (¢ 0.97, CHCly); lit. [22]

o “uOH o
OH 1. 03,CH,Cly Y ~H,0 , ) oH
0PN N 07 "N” ™ 07 N" ™
N 2. Me;S v/ v/
HO
22
Et;SiH, BF3-OEt, “OH  TMSCI, imid. I \/ﬁ'owls
78°Ctort O~ N"™  DMAP,CH,Cl, 07 N~ ™
91% 91% ./
5 23

Scheme 9: Synthesis of (8S,8aS)-5 and its silyl ether 23.
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[a]p22 =55 (¢ 0.79, CHCI3); lit. [28] [a]pZ> —41.3 (c 0.48,
CHCl3); lit. [29] [a]p?® —32.1 (¢ 1.0, CHCl3)}, compound 5
was converted into the known silyl ether 23 (TMSCI, imidazole,
DMAP, CH,Cl,, 0 °C to 1t, 24 h, 91% yield), which is identical
in all aspects with that reported by Nubbemeyer {[a]p2° —35.3
(¢ 0.89, CHCl3); lit. [27] [a]p2® —35.1 (¢ 1.08, CHCl3)}. Silyl
ether 23 may serve as an advanced intermediate in the syn-
thesis of pumiliotoxin 209F [17].

Conclusion

In summary, an eight-step synthesis of the advanced intermedi-
ate (8S5,8aS)-5 for the syntheis of pumiliotoxins has been
achieved in 21% overall yield starting from (R)-3-silyloxyglu-
tarimide derivative 14. The method is based on the versatile
building block 14 and relied on a highly diastereoselective
trans-addition of methylmagnesium iodide to keto-lactam 10.
Since compound (85,8aS5)-5 has been converted into pumil-
iotoxins 251D (2) and 237A (3), by Gallagher, Nubbemeyer,
and Mori, respectively, its synthesis constitutes a formal
enantioselective total synthesis of pumiliotoxins 251D and
237A. Compound (8S,8aS)-5 would be of value for the syn-
thesis of other pumiliotoxins as well. The highly diastereoselec-
tive trans-addition of a methylmagnesium iodide to keto-lactam
10 provides a new example of achieving the desired diastereo-
selection simply by the chair-conformation control [52,53].

Experimental

Optical rotations were recorded on a Perkin-Elmer 341 auto-
matic polarimeter. 'H NMR and '3C NMR spectra were
recorded on bruker 400 spectrometer. 'H NMR spectra were
measured in CDCl3, and chemical shifts are expressed in parts
per million (ppm) relative to internal Me4Si. IR spectra were
recorded on a Nicolet Avatar 330 RT-IR spectrophotometer.
Mass spectra were recorded by Bruker Dalton Esquire 3000
plus and Finnigan Mat-LCQ (ESI direct injection). HRFABMS
spectra were recorded on a Bruker APEX-FTMS apparatus.
Elemental analyses were performed using a Vario RL analyzer.
Melting points were determined on a Yanaco MP-500 melting

point apparatus and are uncorrected.

Tetrahydrofuran (THF) was distilled prior to use from sodium
benzophenone ketyl. Dichloromethane was distilled from phos-
phorus pentoxide. Silica gel (zhifu, 300400 mesh) from Yantai
silica gel factory (China) was used for column chromatography,
eluting (unless otherwise stated) with ethyl acetate/petroleum
ether (PE) (60-90 °C) mixture.

(R)-3-(tert-Butyldimethylsilyloxy)-1-(4-methoxy-
benzyl)piperidine-2,6-dione (14): To a solution of (R)-3-
hydroxy-1-(4-methoxybenzyl)piperidine-2,6-dione 19 [47]
(125 mg, 0.5 mmol), DMAP (10 mg) and imidazole (67 mg,

Beilstein J. Org. Chem. 2013, 9, 2358—-2366.

1 mmol) in CH,Cl, (15 mL) was added TBDMSCI (52 pL,
0.6 mmol). The mixture was stirred at room temperature for
24 h before quenching with HyO (5 mL). The organic layer was
separated and the aqueous phase extracted with CH,Cl, (10 mL
x 5). The combined organic layers were washed with brine,
dried over anhydrous Na,;SQy, filtered and concentrated under
reduced pressure. The residue was purified by column chroma-
tography on silica gel (EtOAc/hexane 1:2) to give silyl ether 14
(517 mg, yield: 95%) as a colorless oil. [a]p2? +19.2 (¢ 1.1,
CHCl3); IR (film) vipax: 3062, 2936, 1728, 1658, 1494, 1451,
1367 cm™!; TH NMR (400 MHz, CDCl3) § 0.11 (s, 3H), 0.12 (s,
3H), 0.87 (s, 9H), 1.92-2.07 (m, 2H), 2.59 (ddd, J = 17.7, 7.5,
5.4 Hz, 1H), 2.91 (ddd, J=17.7, 8.1, 5.4 Hz, 1H), 3.76 (s, 3H),
4.30 (dd, J=17.4, 4.0 Hz, 1H), 4.83 (d, J = 14.0 Hz, 1H), 4.86
(d, J=14.0 Hz, 1H), 6.79 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 8.7
Hz, 2H); 13C NMR (100 MHz, CDCl3) § —5.4, —4.7, 18.2, 25.6
(3C),26.4,29.1,42.4,55.2,69.3, 113.7 (2C), 129.4, 130.3 (2C),
158.9, 171.8, 172.2; HRMS ESI (m/z): [M + Na]* calcd for
C19Hy9NO4SiNa, 386.1758; found, 386.1757.

(5R,65)-6-(But-3-enyl)-5-hydroxy-1-(4-methoxy-
benzyl)piperidin-2-one (18): To a solution of compound 14
(2.8 g, 7.71 mmol) in anhydrous CH,Cl, (100 mL) at —20 °C
was added dropwise a freshly prepared 3-butenylmagnesium
bromide (1 M in THF, 15 mL, 15 mmol). After being stirred at
—20 °C for 3 h, the reaction was quenched with a saturated
aqueous solution of NH4CI (15 mL). The organic layer was sep-
arated and the aqueous phase was extracted with CH,Cl,
(25 mL x 5). The combined organic layers were washed with
brine (10 mL x 5), dried over anhydrous Na,SQOy, filtered and
concentrated under reduced pressure. Without further sep-
aration, the crude product (2.4 g, 5.7 mmol) was treated with
Et3SiH (9 mL, 57 mmol) and BF3-Et;,0 (2.12 mL, 17.2 mmol)
in CH,Cl, (100 mL) at =78 °C. The mixture was stirred at
—78 °C for 2 h, and then allowed to warm to —20 °C. After
being stirred for another 2 h, saturated aqueous solution of
NaHCOj3 (25 mL) was added and aqueous layer was extracted
with CH,Cl, (15 mL x 5). The combined organic layers were
washed with brine, dried over anhydrous Na;SQOy,, filtered and
concentrated under reduced pressure to give a crude product,
which was used in the next step without further purification. To
a solution of the crude product in THF (50 mL) was added a
1 M solution of TBAF in THF (17.1 mL, 17.1 mmol) at 0 °C.
The mixture was allowed to warm to room temperature. After
being stirred for 4 h at room temperature, the reaction was
quenched with water, and extracted with CH,Cl, (15 mL X 5).
The combined organic phases were washed with brine, dried
over anhydrous Na;SQy, filtered and concentrated under
reduced pressure. The residue was purified by column chroma-
tography on silica gel (EtOAc/hexane 2:1) to give diastereo-
mers 18 (969 mg, yield: 59%) and 20 (51 mg, yield: 3%). Com-
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pound 18: white solid, mp 102-105 °C (EtOAc/hexane); [o]p2°
—65.0 (¢ 1.0, CHCl3); IR (film) vingyx: 3375, 2934, 1612, 1512,
1193, 1056, 784, 560 cm™; 'H NMR (400 MHz, CDCls) &
1.37-1.49 (m, 1H), 1.67-1.64 (m, 2H), 1.91-2.00 (m, 2H), 2.28
(ddd, J=18.1, 7.2, 2.8 Hz, 1H), 2.58 (ddd, J = 18.1, 10.5, 7.6
Hz, 2H), 3.20 (dt, J= 9.4, 2.6 Hz, 1H), 3.72 (s, 3H), 3.81 (d, J =
14.9 Hz, 1H), 3.93 (dt, J = 4.6, 2.6 Hz, 1H), 4.91-5.01 (m, 2H),
5.14 (d, J = 14.9 Hz, 1H), 5.69 (ddt, J=16.9, 10.3, 6.6 Hz, 1H),
6.78 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 8.6 Hz, 2H); '3C NMR
(100 MHz, CDCl3) & 23.9, 26.7, 30.0, 31.3, 47.3, 55.1, 61.8,
65.0, 113.8 (2C), 115.5, 129.0, 129.1 (2C), 136.9, 158.7, 169.8;
HRMS ESI (m/z): [M + Na]" calcd for C;7H,3NO3;Na,
312.1570; found, 312.1570.

(8)-6-(But-3-en-1-yl)-1-(4-methoxybenzyl)piperidine-2,5-
dione (10): To a stirred solution of compound 18 (100 mg,
0.34 mmol) in CH,Cl, (5 mL) was added Dess—Martin periodi-
nane (220 mg, 0.52 mmol) at room temperature. After being
stirred for 2 h, the reaction was quenched with a 10% aqueous
solution of Na;S,03. The aqueous phase was extracted with
EtOAc (15 mL x 3). The combined organic layers were washed
successively with a saturated aqueous solution of NaHCO3
(5 mL x 3) and brine (5§ mL x 2). The combined organic phases
were dried over NaySQy, filtered and concentrated under
reduced pressure. The residue was purified by column chroma-
tography on silica gel (EtOAc/hexane 1:2) to give compound 10
(98 mg, yield: 93%) as a colorless oil. [a]p2? +37.5 (¢ 1.0,
CHCIl3); IR (film) vipax: 2955, 2926, 2834, 1725, 1625, 1512,
1246, 1173, 1032 ecm™'; '"H NMR (400 MHz, CDCl3) &
1.79-2.11 (m, 4H), 2.57-2.69 (m, 2H), 2.73-2.80 (m, 2H), 3.68
(dd, J=17.5, 4.6 Hz, 1H), 3.79 (s, 3H), 3.85 (d, J = 14.7 Hz,
1H), 4.97-5.08 (m, 2H), 5.28 (d, J = 14.7 Hz, 1H), 5.70 (ddt, J
=16.7, 10.2, 6.4 Hz, 1H), 6.84 (d, J = 8.7 Hz, 2H), 7.15 (d, J =
8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3) & 29.0, 29.2, 30.6,
35.3,47.2, 55.2, 63.9, 114.2 (2C), 116.3, 128.3, 129.5 (2C),
136.4, 159.3, 169.6, 206.2; HRMS ESI (m/z): [M + Na]* caled
for C17H,1NO3Na, 310.1414; found, 310.1419.

(55,65)-6-(But-3-enyl)-5-hydroxy-1-(4-methoxybenzyl)-5-
methylpiperidin-2-one (11): To a solution of compound 10
(92 mg, 0.32 mmol) in anhydrous CH,Cl, (100 mL) was added
dropwise a freshly prepared 1 M diethyl ether solution of
CH3Mgl (1.0 mL, 1.0 mmol) at 0 °C. After being stirred at
room temperature overnight, the reaction was quenched with a
saturated aqueous solution of NH4ClI (5 mL). The organic layer
was separated and the aqueous phase was extracted with
CH,Cl; (15 mL x 5). The combined organic layers were
washed with brine, dried over anhydrous Na;SQOy,, filtered and
concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel (EtOAc/hexane 1:1) to
give compound 11 (75 mg, yield: 76%) as a colorless oil. [o]p%°
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~73.5 (¢ 1.0, CHCl); IR (film) vpax: 3378, 2928, 2925, 2874,
1612, 1512, 1247, 1150, 1034, 914, 847 cm™!; TH NMR (400
MHz, CDCl3) § 0.99 (s, 3H), 1.57-1.65 (m, 2H), 1.73 (d, J =
16.5 Hz, 1H), 2.04-2.12 (m, 2H), 2.20-2.27 (m, 2H), 2.41 (ddd,
J=18.6,9.5, 8.8 Hz, 1H), 2.55 (ddd, J = 18.6, 8.8, 2.2 Hz, 1H),
3.00 (td, J= 5.4, 1.6 Hz, 1H), 3.59 (d, J = 14.3 Hz, 1H), 3.78 (s,
3H), 5.00-5.10 (m, 2H), 5.45 (d, J = 14.3 Hz, 1H), 5.81 (ddt, J
=16.8, 10.2, 6.7 Hz, 1H), 6.83 (d, J = 8.6 Hz, 2H), 7.20 (d, J =
8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) & 26.9, 29.0, 30.5,
30.8, 32.5, 48.6, 55.2, 63.1, 70.1, 113.8 (2C), 115.5, 129.0,
130.4 (2C), 138.0, 159.1, 168.7; HRMS ESI (m/z): [M + Na]*
calcd for C1gHp5NO3Na, 326.1727; found, 326.1728.

(58,65)-6-(But-3-enyl)-5-hydroxy-5-methylpiperidin-2-one
(22): To a solution of compound 11 (463 mg, 1.52 mmol) in a
mixture of CH3CN (32 mL) and H,O (11 mL) was added am-
monium cerium nitrate (2.5 g, 4.56 mmol) in one portion. The
mixture was stirred for 4 h at room temperature. To the
resulting mixture was added H,O (5 mL), and the mixture was
extracted with EtOAc (30 mL x 5). The combined organic
layers were washed successively with a saturated solution
aqueous of NaHCOj3 and brine. The organic phases were dried
over anhydrous Na;SQy, filtered and concentrated under
reduced pressure. The residue was purified by column chroma-
tography on silica gel (MeOH/CH,Cl, 1:40) to give compound
22 (153 mg, yield: 56%) as a pale yellow oil. [a]p2? —43.0 (c
1.18, CHCl3); IR (film) viax: 3366, 2932, 1612, 1475, 1406,
1312, 919 cm™!; 'H NMR (400 MHz, CDCls) & 1.31 (s, 3H),
1.52-1.61 (m, 1H), 1.76-1.93 (m, 3H), 2.10 (m, 1H), 2.22-2.35
(m, 2H), 2.57 (ddd, J = 18.2, 11.1, 7.0 Hz, 1H), 2.80 (s, 1H,
OH, D,0 exchangeable), 3.17 (dd, J = 10.2, 1.8 Hz, 1H),
5.03-5.12 (m, 2H), 5.79 (ddt, /= 17.0, 10.2, 6.6 Hz, 1H), 6.03
(s, 1H, NH); 13C NMR (100 MHz, CDCl3) & 26.3, 27.5, 28.7,
30.0, 34.1, 60.1, 67.9, 115.9, 137.1, 172.4;, HRMS ESI (m/z):
[M + Na]* caled for C19H;7NO,Na, 206.1151; found,
206.1160.

(85,8a5)-8-Hydroxy-8-methyloctahydroindolizidin-5-one
(5): To a stirred solution of compound 22 (90 mg, 0.49 mmol)
in a mixture of CH,Cl, (8 mL) and MeOH (2 mL) was bubbled
03 at =78 °C for 10 min. The reaction was quenched with Me,S
(0.2 mL). The mixture was allowed to warm to room tempera-
ture. The organic layer was separated, and the aqueous phase
was extracted with CH,Cl, (15 mL x 5). The combined organic
layers were washed with brine, dried over anhydrous Na;SOy,
filtered and concentrated under reduced pressure. Without
further purification, to a solution of the crude mixture in
CH,Cl; (5 mL) was added Et3SiH (0.77 mL, 4.9 mmol) and
BF3-Et;O (0.18 mL, 1.47 mmol) at =78 °C. The mixture was
allowed to warm slowly to the room temperature. A saturated

aqueous solution of NaHCO3 (2 mL) was added and aqueous
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phase was extracted with CH,Cl, (15 mL x 5). The combined
organic layers were washed with brine, dried over anhydrous
Na;SOy, filtered and concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel
(MeOH/CH,Cl, 1:20) to give compound 5 (75 mg, yield: 91%)
as a colorless waxy solid. [a]p2° —42.7 (¢ 1.0, CHCI3) {lit. [12]
[a]p20 —47.0 (¢ 0.8, CHCls) lit. [28] [a]p2® —41.3 (c 0.48,
CHCly); lit. [29] [a]p2® =32.1 (¢ 1.0, CHCl3)}; IR (film) Vipax:
3364, 2926, 2877, 1612, 1469, 1265, 740, 703 cm™!'; 'H NMR
(400 MHz, CDCl3) 4 1.29 (s, 3H), 1.74-1.97 (m, 6H), 2.20 (br
s, 1H, OH, D,0O exchangeable), 2.38 (dd, /= 18.4, 7.4 Hz, 1H),
2.53 (ddd, J=18.4, 11.7, 7.4 Hz, 1H), 3.35 (dd, /= 10.3, 5.3
Hz, 1H), 3.48-3.53 (m, 2H); !3C NMR (100 MHz, CDCl3) §
22.0,26.3,26.4, 28.0, 35.1,45.7, 66.1, 67.7, 169.0; HRMS ESI
(m/z): [M + Na]* caled for CoH;5sNO,Na, 192.0995; found,
192.0999.

(85,8a5)-8-Methyl-8-trimethylsilyloxyoctahydroindolizidin-
5-one (23): TMSCI (25 pL, 0.28 mmol) was added a solution of
compound 5 (40 mg, 0.24 mmol), DMAP (5 mg) and imidazole
(32 mg, 0.48 mmol) in CH,Cl, (8 mL) at 0 °C. The mixture was
stirred at room temperature for 24 h, and then diluted with H,O
(2 mL). The organic layer was separated and the aqueous phase
was extracted with CH,Cl, (5 mL x 5). The combined organic
layers were washed with brine, dried over anhydrous Na,;SOy,
filtered and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel (EtOAc/
hexane 1:2) to give compound 23 (53 mg, yield: 91%) as a pale
yellow oil. [a]p2® —35.3 (¢ 0.89, CHCI3) {lit. [27] [a]p2° —35.1
(c 1.08, CHCI3)}; IR (film) vpay: 2955, 2880, 1621, 1470,
1413, 1378, 1316, 1273, 1265, 1253, 1224, 1134, 1068, 1021
em™!; TH NMR (400 MHz, CDCl3) 5 0.05 (s, 9H), 1.26 (s, 3H),
1.60-1.90 (m, 6H), 2.25-2.33 (m, 1H), 2.33-2.45 (m, 1H),
3.15-3.20 (dd, J = 10.0, 5.5 Hz, 1H), 3.38-3.48 (m, 2H);
13C NMR (100 MHz, CDCl3) § 2.1, 21.9, 26.2, 26.3 , 28.2,
35.2, 45.7, 67.3, 70.4, 168.9; HRMS ESI (m/z): [M + Na]"
caled for Cj,H»3NO;SiNa , 264.1390; found, 264.1392.
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A novel synthesis of the aggregation pheromone of the Colorado potato beetle, Leptinotarsa decemlineata, has been developed

based on a Sharpless asymmetric epoxidation in combination with a chemoselective alcohol oxidation using catalytic

[(neocuproine)PdOAc],OTf,. Employing this approach, the pheromone was synthesized in 3 steps, 80% yield and 86% ee from

geraniol.

Introduction

The Colorado potato beetle Leptinotarsa decemlineata, a world-
wide pest causing considerable damage in the US annually, has
developed resistance to more than 25 insecticides [1-4]. For
crop protection, currently several insecticides are used such as
the neonicotinoids imidacloprid, thiamethoxam and thiachlo-
prid [1,5], albeit these are expensive and moreover resistance
lies in wait [6]. From the standpoint of environmental protec-
tion and economics, it is important to reduce the use of insecti-
cides controlling the Colorado potato beetle, and an attractive
alternative is to use a pheromone management strategy.

An important finding in this connection was the isolation of the
male produced aggregation pheromone by Dickens and Oliver
et al. in 2002 [7], which was subsequently identified as (S)-1,3-

dihydroxy-3,7-dimethyl-6-octen-2-one (1, Figure 1) [8]. (S)-1 is
attractive for both male and female Leptinotarsa decemlineata
while (R)-1 is inactive or inhibitory, as was demonstrated by the
inactivity of the racemate [7]. Since then, (S)-1 has been synthe-
sized by the groups of Oliver [8], Mori [9], Chauhan [10] and

Figure 1: (S)-1,3-dihydroxy-3,7-dimethyl-6-octen-2-one (1).
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very recently by Faraldos [11] respectively, and the first field
evaluation of synthetic (S)-1 in a trap crop pest management

strategy showed its practical utility [1].

The commercial enantioselective production of chiral
pheromones of many pest insects is hampered by prohibitively
high costs. The selective introduction of stereocenters and the
number of steps are the main reasons. In 2002, Oliver described
the first synthesis of both enantiomers of 1 from (R)- and (S)-
linalool, and also the synthesis of its racemate from geraniol, to
establish the absolute configuration. Although the approach is
elegant, (S)-linalool required for natural (S)-1 is not commer-
cially available. In 2005, Mori employing lipase-catalyzed
kinetic resolution of (+)-2,3-epoxynerol as the key step, synthe-
sized both (S)- and (R)-1 in gram quantities with high ee. In
Chauhan’s work, Grignard reaction, oxidation and stereo-
selective methylation using organometallic reagents are the key
steps, affording (S)-1 in high enantiomeric purity and in gram
quantities. In all these approaches, however, protection of the
primary hydroxy group of the 1,2,3-triol substructure is required
for the selective oxidation of the secondary alcohol at C-2. The
synthesis by Faraldos runs via epoxidation of fluoronerol,
subsequent acetylation of the alcohol and solvolysis.

In 2010, Waymouth reported the chemoselective, catalytic oxi-
dation of glycerol to dihydroxyacetone (Scheme 1) using
catalytic [(neocuproine)PdOAc],OTf, (2) in the presence of
either benzoquinone or air as the terminal oxidant [12]. More
recently, the transformation of unprotected vicinal polyols to
a-hydroxy ketones was achieved by regio- and chemoselective
oxidation using catalyst 2 [13]. We used this method for the
catalytic regioselective oxidation of glycosides (Scheme 1) [14]
and expected that the approach might also be applicable in the
synthesis of (S)-1. Triol 3, with vicinal primary, secondary, and
tertiary hydroxy groups should be a suitable substrate for
chemoselective oxidation with catalyst 2, enabling a protecting
group-free synthesis of the Colorado potato beetle pheromone

(Scheme 2). An additional challenge was the presence of an

Beilstein J. Org. Chem. 2013, 9, 2374-2377.

alkene in the substrate, as the orthogonality of 2-catalyzed
alcohol oxidations with alkenes had not been studied.

(35)-3

Scheme 2: Approach of synthesis of (S)-1.

In our approach, Sharpless asymmetric epoxidation of readily
available geraniol or nerol [16-18] followed by stereoselective
ring-opening with water would lead to the desired triol 3.
Subsequently regioselective oxidation of 3 would provide (S5)-1
in a concise 3 step route. The resulting synthesis would be
interesting also for commercial application, moreover because
the oxidation pattern in 1 occurs more widespread in natural
products and pharmaceuticals such as in cortisol (hydrocorti-

sone).

Results and Discussion

The synthesis of (S)-1 is summarized in Scheme 3. The choice
for either geraniol or nerol should have been based on the
stereoselectivity of the Sharpless epoxidation. For both reac-
tions, however, varying enantioselectivities had been reported,
so both substrates were studied. According to the published
procedure, upon treatment of freshly distilled geraniol
(Scheme 3) with fert-butyl hydroperoxide in the presence of
D-(—)-diisopropy! tartrate (DIPT) and Ti(OiPr)4 in dry CH,Cl,
at —10 to —23 °C for 2 h, the desired epoxide (2R,3R)-4 was
obtained in 93% yield and 88% ee. The ee was determined by
HPLC analysis of its corresponding TBDPS ether. This result
compares well with the ones reported in the literature: 77-95%
yield and 81-95% ee [17-21]. According to Sharpless et al.
[18], 5 mol % of Ti(OiPr)4 and 7.5 mol % of DIPT were used,

so at least 20% excess of tartrate ester in order to obtain the

- 5 mol % 2 o
3 equiv benzoquinone _
AYWAYAWA SR
HO OH " DMSO or CH4CN, rt Ho _J\_oH
=N N= =N N=
Pd Pd
o cat. 2 o O/ \O O/ \O
HO Q benzoquinone HO 0 Y/
HO o) [©)
HO OMme 0 HOoume | _
2

Scheme 1: Selective oxidation of glycerol [15] and methyl a-D-glucopyranoside.
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geraniol (2R,3R)-4
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(2R,3S)-3

(S)-1

Scheme 3: Synthesis of (S)-1 from geraniol. Reagents and conditions: a) D-(-)-diisopropyl tartrate, Ti(OiPr)4, tert-butyl hydroperoxide, CH,Cly,
4 AMS, —10 to —23 °C, 2 h, 93%, 94:6 er; b) HCIO4 (70%), THF/water, rt, 30 min, 94%; c) 0.5 mol % 2, p-benzoquinone, CH3CN/water, rt,

overnight, 91%.

maximum enantiomeric excess. The use of freshly distilled
DIPT and Ti(OiPr)4 was important to obtain consistently 88%
ee. With epoxide (2R,3R)-4 at hand, an acid-catalyzed ring-
opening reaction was carried out using HC1O4 in THF/water at
room temperature [22]. In the process of ring-opening, close to
quantitative inversion of configuration at C-3 takes place
[23,24], a result which was confirmed in our research as
determination of the ee of both substrate and product shows a
slight drop in ee from 88% to 86% (see Supporting Information
File 1). Triol (2R,35)-3 was obtained from (2R,3R)-4 in high
yield by this regio- and stereoselective ring-opening reaction.
Subsequently (2R,35)-3 was converted into (S)-1 by treatment
with 0.5 mol % of catalyst 2 and benzoquinone in CH3CN/
water at room temperature. The reaction turned out to be very
selective for the secondary alcohol and neither oxidation of the
primary alcohol nor of the alkene was observed. (§)-1 was
obtained in 91% yield and both 'H NMR and '3C NMR spectra
coincided with those reported in the literature [8,9].

Starting from nerol, Sharpless asymmetric epoxidation afforded
the epoxide (25,3R)-4 in a disappointing 74% ee, a result which
is nevertheless in accordance with the reported values: 70-94%
[25-30] (Scheme 4). Applying the same ring-opening reaction
to epoxide (2S5,3R)-4, triol (25,35)-3 was obtained in high yield
but a 6% loss in enantiomeric excess was observed (see
Supporting Information File 1). Considering these disap-
pointing results using nerol as the starting material, oxidation to

(5)-1 was not performed.

nerol (2S,3R)-4

(25.,35)-3

Scheme 4: Synthesis starting from nerol. Reagents and conditions:
a) L-(+)-diisopropyl tartrate, Ti(OiPr)4, tert-butyl hydroperoxide,
CH,Cly, 4 AMS, -10 to -23 °C, 2 h, 89%, 87:13 er; b) HCIO4 (70%),
THF/H20, rt, 30 min, 92%.

Conclusion

In summary, we have developed an efficient synthesis of the
aggregation pheromone of the Colorado potato beetle (5)-1,3-
dihydroxy-3,7-dimethyl-6-octen-2-one (1). Combining
Sharpless asymmetric epoxidation, stereoselective epoxide ring-
opening and catalytic chemoselective alcohol oxidation with
[(neocuproine)PdOAc],OTf; (2), (S)-1 was synthesized in 80%
overall yield and 86% ee over 3 steps from geraniol. Nerol
turned out to be less suitable as starting material as its asym-
metric epoxidation provided a lower ee. It has been shown that
(5)-1 with an ee of 92% is as active as enantiopure (S)-1 (99%
ee), therefore it is probably safe to conclude that the currently
obtained 86% ee suffices.

Supporting Information

Supporting Information File 1

Experimental and spectroscopic details for 1, 3 and 4, and
determination of the ee of 3 and 4.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-273-S1.pdf]
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Rare sugars, referred to as monosaccharides and their derivatives that rarely exist in nature, can be applied in many areas ranging

from foodstuffs to pharmaceutical and nutrition industry, or as starting materials for various natural products and drug candidates.

Unfortunately, an important factor restricting the utilization of rare sugars is their limited availability, resulting from limited syn-

thetic methods. Nowadays, microbial and enzymatic transformations have become a very powerful tool in this field. This article

reviews the biosynthesis and enzymatic production of rare ketohexoses, aldohexoses and sugar alcohols (hexitols), including

D-tagatose, D-psicose, D-sorbose, L-tagatose, L-fructose, 1-deoxy-L-fructose, D-allose, L-glucose, L-talose, D-gulose, L-galactose,

L-fucose, allitol, D-talitol, and L-sorbitol. New systems and robust catalysts resulting from advancements in genomics and bioengi-

neering are also discussed.

Introduction
Rare sugars are referred to as monosaccharides and their deriva-

tives that rarely exist in nature (http://isrs.kagawa-u.ac.jp/activi-

ties.html) [1]. Seeberger et al. did some interesting statistical
research on bacterial and mammalian glycomes, with one
emphasis placed on the abundance of monosaccharide units
(most abundant monosaccharides are listed therein) [2,3]. Rare

sugars are thus classified by their low natural abundance,

compared to those common sugars such as D-glucose, D-galac-
tose, N-acetylglucosamine, etc that exist in significant amounts.
Nonetheless, rare sugars can be applied in many areas ranging
from foodstuffs to pharmaceutical and nutrition industry [4]. In
recent years, the interest in rare carbohydrates and the nucleo-
sides (e.g. L-nucleoside analogues) derived from them has

substantially increased in medicine because these molecules are
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potential candidates of anticancer and antiviral drugs [4-6].
Unfortunately, the limited availability of these compounds
restricts their potential applications and the chemical synthesis
does not satisfy the increasing demand. Izumori et al. created
beautiful “Izumoring” schemes displaying all rare sugars in tree
form to illustrate possible strategies for the production of these
monosaccharides [7]. Recently, inspired by the “Izumoring”
tree, microbial and enzymatic transformations have become a
very powerful tool for the synthesis of rare sugars owing to the
advancements in genomics and an increasing availability of new
and robust biocatalysts. Microbial transformation has the advan-
tages of using cheaper catalysts without purification and the
avoidance of cofactor recycling in vitro, while enzymatic
conversion is more controllable and scalable. In addition,
immobilized enzymes offer advantages over free and soluble
enzymes in many aspects: 1) immobilized enzymes can be used
repeatedly and the enzymatic processes can be operated contin-
uously and readily controlled; 2) products can be easily
harvested and purified; 3) enzyme properties (such as activity
and stability) could be potentially improved through immobiliz-
ation. In this review, we mainly focus on the biosynthesis and
enzymatic production of rare hexoses, including ketohexoses,
aldohexoses, and sugar alcohols (hexitols). To improve the
production of these rare sugars, strategies for enhancing the
catalytic efficiency and/or substrate selectivity of related

enzymes are also discussed.

Review

I. Biosynthesis of rare ketohexoses

The most common ketohexoses (ketone-containing hexoses),
each of which represents a pair of enantiomers (D- and
L-isomers), include tagatose, psicose, sorbose, and fructose.
Among the eight sugars, D-tagatose, D-psicose, D-sorbose,
L-tagatose and L-fructose are generally regarded as rare sugars
due to their low abundance in nature. In addition, 1-deoxy-L-
fructose is also a very rare but important monosaccharide [8].
The biosynthesis of these rare ketohexoses using microorgan-

isms and related enzymes is summarized below.

D-Tagatose

D-Tagatose is a keto-/aldo-isomer of D-galactose. It has been
approved by the FDA as a food additive and gained much atten-
tion owing to its properties and health benefits, including low
calorie [9], no glycemic effect [10], promotion of weight loss
[11], tooth care [12], and prebiotic [13]. D-Tagatose production
through bioconversion has been extensively studied, particu-
larly from D-galactose by L-arabinose isomerase (Al, EC
5.3.1.4) (Scheme 1) [14-20]. As the interconversion equilib-
rium between D-galactose and D-tagatose shifts toward
D-tagatose at higher temperatures, biocatalysts with greater

thermal stability are preferred. Thus Als from thermophilic or
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hyperthermophilic bacteria are of special interest. It was
reported that the highest level of D-tagatose production was
230 g/L from 500 g/L D-galactose catalyzed by an immobilized
Al from Geobacillus stearothermophilus [21] and the highest
yield was 68% at 80 °C by Al from Thermotoga neapolitana
[22]. However, two main problems still exist for the
Al-catalyzed D-tagatose synthesis. The catalytic efficiency of
Al for D-galactose is relatively low compared to its natural sub-
strate L-arabinose. Enzyme engineering has thus been reported
to improve the efficiency of Al towards D-galactose [23].
Another challenge lies in the product purification due to very
similar properties of D-galactose and D-tagatose. Liang et al.
elegantly employed Saccharomyces cerevisiae to selectively
consume D-galactose and thus D-tagatose could be obtained at
above 95% purity [24].

=0 OH
OH (e}
HO keto-/aldo- isomerase HO
HO (L-arabinose isomerase) HO
OH OH
OH OH
D-galactose D-tagatose

Scheme 1: Synthesis of D-tagatose from D-galactose using L-arabi-
nose isomerase.

D-Psicose

D-Psicose is a C-3 epimer of D-fructose and a potential sucrose
substitute sweetening agent. The suppression of hepatic
lipogenic enzymes activity of D-psicose has been noticed for its
use as a non-caloric sweetener [25,26]. In addition, antioxidant
properties have been observed for foods containing this rare
sugar [25]. More interestingly, D-psicose has also been used to
prepare several D-psicose containing disaccharides, aiming to
learn the function of the rare sugar containing oligosaccharides
and glycosides [27]. D-Psicose can be prepared through the
epimerization of D-fructose at C-3 catalyzed by an ezyme of the
D-tagatose 3-epimerase family (DTEase, EC 5.1.3.-), which is a
commercially attractive enzymatic reaction for D-psicose
production (Scheme 2). To date, five DTEases from different
organisms have been characterized and employed for the
D-psicose synthesis. Izumori et al. firstly characterized the
DTEase from Pseudomonas sp. ST-24 [28] and utilized this
enzyme in the mass production of D-psicose with a final
concentration of 150 g/L [29]. They further packed the immobi-
lized DTEase from Pseudomonas sp. ST-24 (on Chitopearl
beads) into a column that could be continuously used for
10 days and 90 g of D-psicose were produced from 500 g of
D-fructose as the starting material [30]. Kim et al. also charac-

terized a putative DTEase from Agrobacterium tumefaciens
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[31] and due to its high substrate specificity towards D-psicose,
this enzyme was renamed as D-psicose 3-epimerase (DPEase,
EC 5.1.3.-).

OH OH
o) o
HO DTEase/DPEase OH
OH - OH
OH C-3 epimerization OH
OH OH
D-fructose D-psicose

Scheme 2: Synthesis of D-psicose from D-fructose using D-tagatose
3-epimerase/D-psicose 3-epimerase.

It was discovered that borate could promote the conversion of
D-fructose to D-psicose through the formation of a
psicose—borate complex [32]. The maximum conversion yield
of D-psicose in the presence of borate was about two-fold
compared to the reaction without borate. Lim et al. established a
stable immobilized 4. tumefaciens DPEase system containing
borate [33]. It could generate 441 g/L. D-psicose from 700 g/L
D-fructose for one batch, and the reaction performed in a
packed-bed bioreactor could continuously produce 325 g/L
D-psicose from 500 g/ D-fructose over a long time period.
Zhang et al. characterized the third DTEase from Rhodobacter
sphaeroides SKO011 [34] and the specificity of this enzyme
towards D-fructose was the highest under optimized conditions.
Recently, Mu et al. characterized the fourth and fifth DTEase
from Clostridium cellulolyticum H10 and Clostridium scindens
35704 respectively. As these two enzymes showed high prefer-
ence towards D-psicose, they were both renamed as DPEase as
well. The activity of these two enzymes is strictly metal-depen-
dent and requires Mn?" as the optimum cofactor. Under optimal
conditions, the epimerization yields were 32% and 28%, res-
pectively [35,36].

The enzymes described above are all generally named as

DTEase family enzymes, despite the fact that all enzymes do
not demonstrate strict specificity towards D-tagatose and low to

HO Y TOPOE gpo o
OH ﬁ -
DL-glycerol 3-phosphate

O,
oxygen supplya k) catalase
2

H.O

Scheme 3: Enzymatic synthesis of D-psicose using aldolase FucA.

0
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moderate homology (20-60%) was found among them [37].
However, high similarities are observed for key amino acid
residues in the active site, the metal coordinating site and the
substrate-binding site of these enzymes (Figure 1) [37,38]. After
all, the interconversion between D-fructose and D-psicose
catalyzed by DTEase enzymes is an equilibrium process, thus
large scale and high yield production of D-psicose as well as
product purification remain problematic. Our lab mainly
focuses on the in vitro production of rare sugars using di-
hydroxyacetone phosphate (DHAP)-dependent aldolases. In our
previous work, we utilized L-fuculose-1-phosphate aldolase
(EC 4.1.2.17) from Thermus thermophilus HB8 (FucAt ggg) to
stereoselectively synthesize D-psicose. The donor molecule
DHAP, a highly expensive starting material ($970.00/250 mg,
Sigma-Aldrich), was generated in situ from less expensive
L-glycerol-3-phosphate or DL-glycerol-3-phosphate (Scheme 3)
[39]. Such a one-pot multi-enzyme approach represents a cost-
effective non-equilibrium pathway for the large-scale prepar-
ation of D-psicose (Scheme 3) [40].

Figure 1: The active site in D-psicose 3-epimerase (DPEase) in the
presence of D-fructose, showing the metal coordinating site and the
substrate-binding site. The purple ball indicates the manganese(ll) ion
coordinating with key amino acid residues (Glu150, Asp183, His209,
and Glu244) and the O-2 and O-3 of fructose. This figure was created

using PDB File 2HK1 [38].

D-psicose/D-sorbose

ratio 8.4/1; yield ~60-70%

GPO = glycerol phosphate oxidase;
AP = acid phosphatase
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D-Sorbose

D-Sorbose can be potentially utilized as a low-caloric sweet-
ener [41], an insect control agent, and a starting material for
producing industrially significant compounds [42]. D-Sorbose
was reported to be prepared from galactitol catalyzed by
Pseudomonas sp. ST 24 and the production yield was as high as
70%. The possible transformation route from galactitol to
D-sorbose in this strain was deduced as follows (Scheme 4): the
substrate galactitol is dehydrogenated at C-2 to afford
D-tagatose followed by C-3 epimerization [43].

Izumori et al. established a method for the preparation of
D-sorbose directly from D-tagatose with immobilized DTEase
from Pseudomonas sp. ST-24 and 2 g of D-sorbose could be
obtained from 3 g of D-tagatose. The conversion yield main-
tained at about 70% each time even if the batch was repeated
five times [44]. Alternatively, D-sorbose could be prepared
from L-glucitol via C-2 dehydrogenation through microbial
conversion within a reasonable period of time (>95% yield and
multigram scale, Scheme 4) [45,46]. The starting material
L-glucitol could be obtained from the chemical reduction of a
significantly cheaper starting material D-gulono-1,4-lactone
instead of expensive L-glucose. In our previous work, we
discovered that two rare sugars, D-sorbose and D-psicose, were
simultaneously generated when L-rhamnulose-1-phosphate
aldolase (RhaD, EC 4.1.2.19) [47] catalyzed the aldol addition
between DHAP and D-glyceraldehyde (Scheme 5) [48]. Fortu-
nately, the resulting diastereomers were easily separated with
cation exchange resin (Ca2" form) under elevated temperature
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to realize the preparative-scale production of both sugars [48-
51].

L-Tagatose

Unlike its enantiomer D-tagatose which is a widely used rare
sugar and produced in bulk quantity, L-tagatose has not yet
been well studied or broadly utilized due to limited production
pathway and high cost involved [52,53]. L-Tagatose can be
synthesized via oxidation of galactitol (Scheme 6) by Kleb-
siella pneumoniae 40b (70% yield) [54]. Huwig et al. also
reported an efficient oxidation of galactitol to L-tagatose
through the use of galactitol dehydrogenase (GDH, EC
1.1.1.16) from Rhodobacter sphaeroides D and the overall yield
was 78% [55]. This oxidation only requires catalytic amounts of
NAD™, which is regenerated in situ through the reduction of
pyruvate by L-lactate dehydrogenase (EC 1.1.1.27) [55]. Alter-
natively, Itoh et al. discovered that DTEase from Pseudomonas
sp. ST-24 was a promising enzyme, which was active not only
on D-ketohexoses but also on L-ketohexoses [56]. Therefore,
L-tagatose was successfully prepared by immobilized DTEase
using L-sorbose as the substrate although the production yield
was only 20% (Scheme 6) [56]. Moreover, L-tagatose could be
directly produced from L-psicose through microbial reduction
followed by oxidation by Enterobacter aerogenes 230S
(Scheme 6) and cells grown on xylitol have the best conversion
potential [52]. The production yield could reach above 60% in
the presence of glycerol [52] which may be responsible for
NAD*/NADH regeneration. Large-scale preparation of
L-tagatose has not been extensively studied yet due to elaborate

OH OH OH OH OH

OH c-2 0 c-3 o c-2 oH M Ho
HO dehydrogenase HO epimerase OH dehydrogenation OH 1&" OH
HO T Ho HO HO ~ Ho

OH OH OH OH HO

OH OH OH OH OH
galactitol D-tagatose D-sorbose L-glucitol

Scheme 4: Proposed pathway of the D-sorbose synthesis from galactitol or L-glucitol.

(o]

Q ' RhaD AP
203PO\)J\<)|_—|)AH/\OH —

OH

D-sorbose/D-psicose

ratio ~2/3; yield 73%

:r‘: silica gel column
CaZ* exchange resin column

DHAP D-glyceraldehyde

RhaD = L-rhamnulose-1-phosphate aldolase

AP = acid phosphatase

Scheme 5: Simultaneous enzymatic synthesis of D-sorbose and D-psicose.

2437



Beilstein J. Org. Chem. 2013, 9, 2434-2445.

OH OH OH
OH c-2 © c-3 °
HO oxidation OH  epimerization HO
HO > OH OH
NAD* t
Ol ( regeneration) HO HO
OH OH OH
galactitol L-tagatose L-sorbose
C-2
oxidation
OH OH —OH
o] OH A  [~OH
HO reduction HO 180°  |—OH
HO ~ HO — [OH
HO HO HO—
OH OH —OH
L-psicose L-talitol
Scheme 6: Biosynthesis of L-tagatose.
OPO;2 % CI) FucA AP | L-fructose/L-tagatose
HO 37 GPO _ UCAT HBS - -
OH 2 O3POW ;_ "OH _ o ,
DL-glycerol 3-phosphate ; ; OH ratio 1.2/1; yield 47%
0, H,0, DHAP L-glyceraldehyde
oxygen supply@ T catalase
2 GPO = glycerol phosphate oxidase;
AP = acid phosph
H,0 acid phosphatase
Scheme 7: Preparative-scale synthesis of L-tagatose and L-fructose using aldolase.
routes or expensive starting materials. In our lab, the synthesis
o.f L-tagatose was ea.lsﬂy achieved by employing the pre\./l(.)us CHO OH OH
discussed cost-effective one-pot four-enzyme system containing o aldo/keto OH
L-fuculose-1-phosphate aldolase (FucA, EC 4.1.2.17) on 'Somerization oy C:2 oxidation OH
(Scheme 7). In this case, L-glyceraldehyde was used as the HO HO HO
aldol acceptor and L-tagatose and L-fructose were obtained HO HO HO
simultaneously that can be easily separated and purified with OH OH OH
. . L-mannose L-fructose L-mannitol
cation exchange resin chromatography [39,57].
L-Fructose C-3 epimerization
L-Fructose is a well known nonnutritive sweetener [9] and can OH
be used as a potential inhibitor of several glycosidases [58]. (o}
Mayo et al. firstly established an enzymatic approach for the HO
synthesis of L-fructose using L-mannose as a substrate through HO
aldo—keto isomerization (Scheme 8) [59]. Dhawale et al. HO .
demonstrated another route via bacterial oxidation of L-psicose

L-mannitol (Scheme 8) [42]. Interestingly, the previously
mentioned versatile DTEase from Pseudomonas sp. ST-24

could also catalyze the epimerization of L-psicose to produce

Scheme 8: Biosynthesis of L-fructose.
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L-fructose in a yield of 65% (Scheme 8) [56]. In addition,
Franke et al. reported that the dihydroxyacetone phosphate
(DHAP)-dependent aldolase L-rhamnulose-1-phosphate
aldolase (RhaD) could selectively use L-glyceraldehyde out of
racemic glyceraldehyde to produce L-fructose exclusively (55%
yield) using expensive DHAP as the other substrate (Scheme 9)
[60]. Sugiyama et al. further discovered that this aldolase RhaD
could even tolerate dihydroxyacetone (DHA), instead of DHAP,
as a donor substrate in the presence of borate buffer, which
could function as a phosphate ester mimic in the aldolase-
catalyzed reactions [61]. Based on this discovery, a practical
one-step synthesis of L-fructose was established using DHA
and racemic glyceraldehyde as substrates (Scheme 9) and the
production yield was as high as 92% on a gram scale [61]. Our
lab optimized their synthesis as well aiming to reduce the cost
by employing the one-pot four-enzyme system as described
before (also see Scheme 3 and Scheme 7) and obtained an
overall isolated yield of 66% on a preparative scale [48,57].

o
0 |
2—03Powv0H

OH
racemic
DHAP glyceraldehyde
or RhaD AP L-fructose
o 9 yield 55-92%
HOWS/\OH
OH
DHA racemic
borate buffer  glyceraldehyde

RhaD = L-rhamnulose-1-phosphate aldolase
AP = acid phosphatase

Scheme 9: Preparative-scale synthesis of L-fructose using aldolase
RhaD.

1-Deoxy-L-fructose

Deoxy sugars play significant roles in central metabolism [62],
cell signaling, immunological recognition and host—pathogen
interactions [63,64]. Gullapalli et al. demonstrated an effective

Beilstein J. Org. Chem. 2013, 9, 2434-2445.

way of obtaining deoxy L-fructose by combining chemical and
biotechnological approaches (Scheme 10) [8]. Hydrogenation of
6-deoxy-L-mannose (L-rhamnose) produced 6-deoxy-L-
mannitol (L-rhamnitol) which was subsequently oxidized by
Enterobacter aerogenes 1K7 to afford the rare sugar 1-deoxy-L-
fructose. The whole process was performed in an environmen-
tally friendly fashion.

Il. Biosynthesis of rare aldohexoses

D-Allose

D-Allose is the C-3 epimer of D-glucose or the aldo/keto-
isomer of D-psicose (Scheme 11). Recently, increasing atten-
tion has been paid to this rare sugar due to its beneficial activi-
ties and potential pharmaceutical effects, such as antitumor
[65], anticancer [66], anti-inflammatory [67], anti-oxidative
[68], antihypertensive [69], cytoprotective [70], and immuno-
suppressant [71]. L-Rhamnose isomerase (EC 5.3.1.14), ribose-
S5-phosphate isomerase (EC 5.3.1.6), and galactose-6-phosphate
isomerase (EC 5.3.1.26) were reported as potential enzymes for
the bioconversion of D-psicose to D-allose [72]. L-Rhamnose
isomerase from Pseudomonas stutzeri [73] and galactose
6-phosphate isomerase from Lactococcus lactis [74] catalyze
two reversible isomerization reactions (interconversion between

D-psicose and D-allose vs interconversion between D-psicose

CHO OH CHO
HO 0 ribose-5-P OH
OH OH isomerase OH
OH 1l OH | OH
OH OH OH
OH OH OH
D-altrose D-psicose D-allose

Catalyze interconversion | and Il: L-Rhamnose isomerase
from Pseudomonas stutzeri and galactose 6-phosphate
isomerase from Lactococcus lactis.

Catalyze interconversion | only: L-rhamnose isomeraes
from Bacillus pallidus and ribose-5-phosphate isomerase
from Clostridium thermocellum.

Scheme 11: Potential enzymes (isomerases) for the bioconversion of
D-psicose to D-allose.

—0 OH CH3
OH OH 0]
OH chemically OH  dehydrogenation OH
HO HO Enterobacter aerogenes IK7 HO
HO HO HO
CHs CHs OH
L-rhamnose L-rhamnitol 1-deoxy-L-fructose

Scheme 10: Chemoenzymatically synthesis of 1-deoxy-L-fructose [8].
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and D-altrose) with D-altrose as a byproduct. In contrast,
L-rhamnose isomerase from Bacillus pallidus [75] and ribose-5-
phosphate isomerase from Clostridium thermocellum [76]
produce D-allose without D-altrose formation via only one type
of isomerization. In addition, due to its thermostability and high
conversion yield reported, ribose-5-phosphate isomerase from
Clostridium thermocellum is the most suitable enzyme for the

D-allose production.

D-Allose can also be synthesized from inexpensive D-glucose
as a starting material via a three-step bioconversion, sequen-
tially catalyzed by D-xylose isomerase (EC 5.3.1.5), D-psicose
3-epimerase, and ribose-5-phosphate isomerase (Scheme 12).
The overall conversion yield for the reaction sequence is
expected to be higher compared to each step due to the promo-
tion effect of the second and third step [72]. It remains a chal-
lenge to discover a D-allose epimerase which can directly
epimerize D-glucose C-3 to afford D-allose because microor-
ganisms do not generally consume such a rare monosaccharide
for their growth.

L-Glucose

L-Glucose does not occur naturally in higher living organisms,
although it has many potential applications, such as a low
calorie sweetener [77], a bulking agent [78], an inhibitor for
bacterial growth [79] and various glucosidases. L-Glucose can
also be used as an ideal starting material for glycoconjugate
vaccines against the enteropathogenic bacterium Shigella sonne
[80]. Enzymatically, L-glucose can be synthesized by isomer-
izing L-fructose (Scheme 13) catalyzed by D-xylose isomerase
from Candida utilis [81] or whole cells of a mutant Klebsiella
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pneumoniae strain, which constitutively express D-arabinose
isomerase (EC 5.3.1.3) [82]. An overall yield of 35% on a
gram-scale was reported using this mutant strain [82]. More-
over, Yadav et al. immobilized galactose oxidase (EC 1.1.3.9)
and catalase (EC 1.11.1.6) on a solid support (crab-shell parti-
cles or Ocimum sanctum seeds) and investigated their synthetic
application for L-glucose production from D-sorbitol
(Scheme 13) [83,84]. Catalase could degrade the hydrogen
peroxide byproduct and increase the conversion by removing
the inhibition effect of hydrogen peroxide toward galactose
oxidase and regenerating oxygen.

L-Talose and D-gulose

The aldohexoses L-talose and D-gulose (C-3 epimer of D-galac-
tose) are both very expensive owing to their scarcity in nature.
L-Talofuranosyladenine, an adenine nucleoside derivative of
L-talose, was found to be a slow-reacting substrate for calf
intestinal adenosine deaminase and thus to inhibit the growth of
leukaemia L1210 cells in vitro [85]. Crystalline D-gulose can be
used as a drug-formulation agent and food additive. Bhuiyan et
al. reported a simple enzymatic method for L-talose and
D-gulose using immobilized L-rhamnose isomerase (EC
5.3.1.14) from Pseudomonas sp. strain LL172 (Scheme 14).
Starting from rare sugars L-tagatose and D-sorbose (which were
obtained from D-galactose via several steps of bioconversions),
the production yields for L-talose and D-gulose were 12% and

10% respectively at equilibrium [86].

L-Galactose
L-Galactose was reported to be an effective precursor of the
L-ascorbate synthesis [87]. Leang et al. established an efficient

CHO OH OH CHO
OH p.xylose O  D-psicose —O ribose 5-P —OH
HO isomerase HO 3-epimerase |—OH isomerase [—QH
OH OH OH OH
OH OH OH OH
OH OH OH OH
D-glucose D-fructose D-psicose D-allose

Scheme 12: Three-step bioconversion of D-glucose to D-allose.

OH CHO OH
O Duviosei HO OH
-xylose isomerase or -
OH  D-arabinose isomerase OH galactose oxidase g
HO —— Ho ¥ ~ OH
HO HO H2O2\_/02 OH
OH OH catalase OH
L-fructose L-glucose D-sorbitol

Scheme 13: Biosynthesis of L-glucose.
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Scheme 14: Enzymatic synthesis of L-talose and D-gulose.

two-step method for synthesizing L-galactose on a large scale
from a common sugar L-sorbose, catalyzed by immobilized
DTEase from a mutant Pseudomonas sp. ST-24 and recombi-
nant L-rhamnose isomerase from Escherichia coli IM109 [88].
L-Sorbose was first epimerized by DTEase at C-3 to give
L-tagatose (28% yield), which reached an equilibrium with
L-galactose (~30%) catalyzed by the L-rhamnose isomerase
(Scheme 15). L-Galactose was also directly synthesized by
oxidizing galactitol using D-galactose oxidase [89], including
the previously mentioned immobilized galactose oxidase
[83,84], but the yields were generally low. In contrast, whole
cells of recombinant Escherichia coli carrying a unique
mannitol dehydrogenase (EC 1.1.1.255) represent a more scal-
able system [90] for oxidizing galactitol (Scheme 15). Alter-
natively, it was reported that L-galactose could be biosynthe-
sized by epimerizing D-glucose through a novel but rare meta-
bolic pathway during the biosynthesis of a sulfated L-galactan
in the ascidian tunic, requiring a triple epimerization which
brings about inversion of the configuration of carbon 2, 3, and 5
[91].

OH OH
(0]
HO C-3 epimerase OH  isomerase
OH OH
HO L
OH OH
L-sorbose L-tagatose

Scheme 15: Enzymatic synthesis of L-galactose.
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L-Fucose (6-deoxy-L-galactose)

L-Fucose is a rare sugar belonging to the deoxy sugar family,
which is a naturally occurring sugar widely found in biomass,
especially in plant, but in minor amounts. It is also found on the
mammalian cell surface and a fundamental core moiety of
various carbohydrate antigens [92,93]. Microbiological syn-
thesis of L-fucose is based on the fermentation by microorgan-
isms, which generate L-fucose-containing exopolysaccharides
(EPS). Then, L-fucose can be released by enzymatic hydrolysis
and recovered from the hydrolysate [94]. Interestingly, metabol-
ically engineered Corynebacterium glutamicum was used to
produce guanosine-5’-diphosphate (GDP)-L-fucose, the
precursor of fucosyl-oligosaccharides, from glucose and
mannose [95]. L-Fucose (or its analogs) can also be prepared in
vitro enzymatically in a three-step procedure (Scheme 16) [96].
Firstly, L-fuculose-1-phosphate (or the analogues) is synthe-
sized by aldol addition catalyzed by L-fuculose-1-phosphate
aldolase (FucA). Then, L-fuculose is produced after dephospho-
rylation by acid phosphatase (EC 3.1.3.2). Finally, L-fuculose is
converted to L-fucose by L-fucose isomerase (EC 5.3.1.25).

CHO OH
HO OH D-galactose oxidase OH
OH  mannitol dehydrogenase HO
HO OH
OH OH
L-galactose galactitol
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Ho—| HO HO HO
CH3 CH3 CH3 CH3
L-fuculose 1-phosphate L-fuculose L-fucose

Scheme 16: Enzymatic synthesis of L-fucose.

The procedure may be performed in a one-pot fashion or with

purification after each step.

lll. Biosynthesis of rare sugar alcohols

(hexitols)

Sugar alcohols are mainly derived from pentoses and hexoses.
They are hydrogenated form of carbohydrates, in which the car-
bonyl group is reduced. Their flavor is like sucrose but they
have less energy. Xylitol is very popularly used in the food
industry while some other sugar alcohols such as allitol,
D-talitol and L-sorbitol, are very expensive and unexploited.
Here we summarize the biosynthesis of some hexitols derived

from rare sugars.

Allitol

Allitol can be prepared by reducing/hydrogenating the rare
sugar D-psicose [97,98], which is derived from D-fructose via
DTEase catalyzed conversion (Scheme 17). However, two
problems exist in this pathway: low conversion rate for
D-psicose and low D-psicose concentration available for bacte-
rial reduction. These drawbacks could be overcome by a multi-
enzyme system containing DTEase, ribitol dehydrogenase
(RDH, EC 1.1.1.56) and formate dehydrogenase (FDH, EC
1.2.1.2) [99]. In this system, NADH is regenerated by an irre-
versible formate dehydrogenation reaction, promoting the

conversion of D-psicose to allitol. As a result, the D-fructose

OH OH OH

) (0] OH
HO DTEase | oy RDH OH

OH OH / i . OH

OH OH NADH NAD OH

H

© OH FDH OH

D-fructose D-psicose CO, HCOO~ allitol

Scheme 17: Synthesis of allitol from D-fructose using a multi-enzyme
system.

and D-psicose equilibrium was shifted towards the formation of
D-psicose and a complete conversion could be reached
(Scheme 17).

D-Talitol

D-Talitol is the other C-2 reduction product of D-psicose with a
different stereospecificity to that of the allitol (Scheme 18). The
conversion rate from D-psicose to D-talitol catalyzed by a halo-
tolerant yeast strain Candida famata R28 could be significantly
increased in the presence of various carbohydrates such as
erythritol, D-sorbitol, ribitol and glycerol in the reaction mix-
ture [100]. The faster consumption of the substrate could be
explained by the in situ NADH regeneration while those supple-
mentary carbohydrates are oxidized by a dehydrogenase. At
10% substrate concentration, the conversion rate could reach as
high as 95% catalyzed by whole cells supplemented with 5% of
D-sorbitol [100]. In addition, this bioconversion/reduction could
also be carried out by various strains of Mucoraceae fungi
[101]. However, D-talitol has not yet been well investigated for
its applications due to the lack of a practical preparation
method.

OH OH

0 HO

OH reduction at C-2 OH

OH OH

OH OH

OH OH
D-psicose D-talitol

Scheme 18: Biosynthesis of D-talitol via C-2 reduction of rare sugars.

L-Sorbitol

L-Sorbitol was prepared from L-fructose (Scheme 19) catalyzed
by whole cells of Aureobasidium pullulans strain LP23 and the
conversion activity could be induced by L-arabinose [102].
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L-fructose L-sorbitol

Scheme 19: Biosynthesis of L-sorbitol via C-2 reduction of rare
sugars.

Moreover, supplement of erythritol to the reaction mixture
enhanced the conversion to L-sorbitol and one possible reason
also lies in NADH regeneration resulting from erythritol dehy-
drogenation/oxidation.

Conclusion

The preparation and functional study of rare sugars has become
a hot topic because of their potential applications in different
fields. An important factor restricting the utilization of rare
sugars is their limited availabilities, resulting from limited syn-
thetic methods. Biocatalysis often offers advantages over chem-
ical synthesis, because enzyme-catalyzed reactions are often
highly enantioselective and regioselective. In addition, enzy-
matic reactions are usually performed under mild conditions
and are environmentally friendly. However, two major chal-
lenges remain in this endeavor: 1) microorganisms and related
enzymes presently applied in rare sugar synthesis are from non-
generally regarded as safe (GRAS) sources, which may stimu-
late an increasing demand for introducing related enzymes into
GRAS microorganisms; 2) many biosynthetic methods involve
a chemical equilibrium (isomerization or epimerization)
between two or more sugars that may lead to low to moderate
yields and difficulties in product purification. Advancements in
genomics and bioengineering can potentially solve this problem
by improving the properties (activity, thermostability, or sub-
strate-binding affinity) of existing enzymes or discovering new

systems and robust biocatalysts for industrial-scale applications.
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A concise synthetic strategy towards the spiroketal core of the HIV-integrase inhibitor integramycin (1) was developed. The

required ketone precursor was efficiently constructed from two simple and easily accessible subunits by means of a hydrozircona-

tion/copper catalyzed acylation reaction. The effects of different protecting groups on the spiroketalization step were also investi-

gated.

Findings

Integramycin is a polyketide natural product isolated from
Actinoplanes sp. by the Singh group at Merck [1] (Figure 1).
The compound was found to inhibit HIV-1 integrase coupled
strand transfer reactions with ICs( values of 3 and 4 uM, res-
pectively. Structurally, the molecule architecture of inte-
gramycin features four distinct elements: a 3,5-dihydroxy-
substituted aromatic ring, a spiroketal core, a highly functional-
ized octalin moiety and a 5-hydroxylated 3-acyltetramic acid.
Studies on the syntheses of the spiroketal core [2,3] and the
octalin fragment [4] of integramycin were recently reported by
Roush and Floreancig, however, a total synthesis of this rather
complex natural product has yet to be accomplished. Intrigued
by its biological properties and capitalizing on our previous
experience [5] in the total synthesis of natural products with

tetramic acid fragments we embarked on the development of a

concise and modular approach towards integramycin and

related natural products.

According to the retrosynthetic analysis, which is outlined in
Figure 2, the target molecule may be assembled from an appro-
priate spiroketal advanced intermediate 4. This spiroketal com-
pound is logically traced back to ketone 5, which can be further
divided in the vicinity of the C22 carbonyl group into two
readily accessible building blocks 6 and 7. For the construction
of the octalin fragment we planned to use two sequential olefi-
nation reactions followed by an intramolecular Diels—Alder
cycloaddition. The installation of the tetramic acid moiety
would proceed via Lassey—Dickmann condensation with subse-
quent introduction of the 5-hydroxy group by oxidation of the
corresponding vinylogous enolate. Herein a straightforward
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Figure 1: Structure of integramycin (1) and its producing organism, Actinoplanes sp. (Photo: J. Wink, HZI, Microbial drugs).
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Figure 2: Retrosynthetic analysis of integramycin.

synthesis of the C16—C35 spiroketal core of integramycin based
on a hydrozirconation/acylation reaction sequence is reported.

The synthesis of the aryl-substituted part of the spiroketal frag-
ment was started from 3,5-dihydroxybenzoate 8 which was
converted into aldehyde 9 via protection and partial reduction
[6] (Scheme 1). Subsequent Leighton crotylation [7] using
commercially available (R,R)-E-Crotyl-Mix was employed to
introduce the two stereocenters at C25/C26 with anti-relation-
ship in excellent yield and enatioselectivity. The enantiomeric

excess of the crotylation product was estimated by esterifica-

tion with (R)-a-methoxyphenylacetic acid with subsequent
NMR analysis and found to be close to 90%. The resulting
alcohol was protected as TBS and TES ethers to investigate the
cleavage regime of different protecting groups during the acid
catalyzed ketalization step.

The second part of the spiroketal core was constructed from the
PMB-protected 3-hydroxypropanal via Horner—Wadsworth-
Emmons olefination, reduction to the allylic alcohol and
Sharples epoxidation [8] (Scheme 2). Subsequent Cu-catalyzed
epoxide-opening using methylmagnesium bromide [9] produced
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Scheme 2: Sharpless epoxidation/Myers alkylation approach to the C16—C22 carboxylic acid fragment.

an inseparable mixture of 1,2- and 1,3-diol products, which
upon treatment with sodium periodate furnished pure 13. The
primary hydroxy group was selectively converted to alkyl
iodide by using Ph3P/I,/imidazole conditions [10]. Then the
protected iodide 14 was subjected to Myers alkylation [11]
reaction with an excess of enolate to install the last required
stereocenter. Hydrolytic cleavage of the pseudoephedrine auxil-
iary by prolonged exposure to sodium hydroxide at elevated
temperature afforded the carboxylic acid 16.

With both fragments in hand, the key coupling was attempted.
Initially, the conditions recently reported by Vasse [12] were
investigated (Scheme 3). In the event, treatment of the
carboxylic acid 16 with Ghosez reagent [13] provided the
corresponding acid chloride 7, which was allowed to react with
the hydrozirconation products of alkenes 6 and 10 in
dichloromethane in the presence of a stoichiometric amount of
CuBr-Me,S. The reaction was rather capricious and produced
only modest amounts of the target compound. However, appli-
cation of the original Wipf protocol [14] resulted in a much
more favourable outcome and, upon some further optimization
of the catalyst load, provided the desired ketone in 65% yield
for the TBS protected alkene. The yield for the TES-protected
alkene was somewhat lower, probably due to a partial cleavage
of the protecting group during the acylation or hydrozircona-

tion step.

Finally, several conditions were studied for the spiroacetaliza-
tion step. Exposure of the a/l-TBS protected ketone 17 to
moderately strong acids, e.g. the HF—pyridine complex in THF
or CSA in THF/H,O mixture, resulted in the predominant
cleavage of the TBS group at C18, whereas the benzylic TBS
ether remained mostly untouched. Application of more acidic
conditions (3 N HCl in THF) led to a messy reaction. However,
treatment of the same ketone with an excess of TBAF buffered
with acetic acid caused removal of all protecting groups with
concomitant spiroketalization and upon reinstallation of the
phenolic protecting groups the desired compound 4 was
obtained in 35% yield. The stereochemistry of the spiroketal
was confirmed by observation of the strong NOE-correlation for
H-18 and H-22 protons in the NOESY spectrum of 4 (see
Supporting Information File 2). In the case of the ketone with
the TES-protected benzylic alcohol, exposure to 2 N HCI in
THF resulted in formation of numerous products, including the
spiroketal 4, thus demanding further optimization of this reac-
tion.

In summary, an efficient route to the C16—C35 spiroketal frag-
ment of integramycin was developed. The key step of the syn-
thesis is a Cu-catalysed coupling of an acid chloride with an
alkyl zirconium species. The stereocenters were introduced
using Leighton crotylation, Sharpless epoxidation and Myers

alkylation. Although the presented route achieves approxi-
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mately the same overall yield of target compound as that of
Floreancig [2] (11.2 vs 11.5%, respectively), it features utiliza-
tion of easily scalable transformation and upon further optimiz-
ation of the spiroketalization step would be advantageous for
the preparation of intermediate 4. Efforts towards the comple-
tion of the total synthesis of integramycin are currently

underway in our laboratory and will be reported in due course.

Supporting Information

Supporting Information File 1
Experimental procedures.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-282-S1.pdf]

Supporting Information File 2

Copies of NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-282-S2.pdf]
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Starting from the conveniently available ex-chiral pool building block (R,R)-hexa-1,5-diene-3,4-diol, the ten-membered ring

lactones stagonolide E and curvulide A were synthesized using a bidirectional olefin-metathesis functionalization of the terminal

double bonds. Key steps are (i) a site-selective cross metathesis, (ii) a highly diastereoselective extended tethered RCM to furnish a

(Z,E)-configured dienyl carboxylic acid and (iii) a Ru-lipase-catalyzed dynamic kinetic resolution to establish the desired configu-

ration at C9. Ring closure was accomplished by macrolactonization. Curvulide A was synthesized from stagonolide E through

Sharpless epoxidation.

Introduction

Bidirectional synthesis through termini differentiation of meso,
Cy-symmetric or unsymmetric building blocks has emerged as
an important strategy in natural product synthesis over the past
two decades [1]. Early on, enantiomerically pure Cp-symmetric
compounds were identified as particularly useful starting ma-
terials, because their termini are homotopic. Therefore, desym-
metrization can be accomplished by monofunctionalization,

making elaborate reagent or catalyst-controlled transformations

unnecessary [2]. In this regard, (R,R)-hexa-1,5-diene-3,4-diol
(1) [3-6] and its enantiomer ent-1 [7] have emerged as highly
valuable starting points for target molecule syntheses which rely
on dual olefin metathesis reactions. The two metathesis trans-
formations may either be two identical CM [8,9] or RCM steps
[10], yielding Cp-symmetric products in which the newly
formed double bonds remain homotopic, or two different CM or
RCM steps, or a combination of one CM and one RCM trans-
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formation. The latter cases lead to C-symmetric products and
hence a differentiation of the C—C double bonds generated
through metathesis. Examples for the utilization of these
approaches in the synthesis of target molecules from 1 or ent-1
include sialic acids [11], cladospolide C [12], iriomoteolide 3a
[13,14], thromboxane B2 [15], didemniserinolipid B [16],
squamostolide [17], muricatacine [18], rollicosin [19], phomop-
solide C [7] and both enantiomers of seimatopolide A [20].

Over the past few years the development and application of
one-flask sequences comprising at least one metathesis step has
attracted increasing attention [21-23]. Such sequences provide
rapid access to constitutional isomers or functionalized deriva-
tives of the actual metathesis products in just one step. An
example recently published by us combines RCM of butenoates
2 with a base-induced highly stereoselective ring opening of the
transient metathesis products 4, furnishing exclusively Z,E-
dienes 3 [24]. We assume that the reaction proceeds via forma-
tion of an enolate 5, followed by electrocyclic ring opening to
carboxylates 6 [25], although a non-concerted pathway can not
be excluded (Scheme 1).

R’J/O 0 one-flask RCM R\lio/\fo
Z ; base-induced ring opening Z
2 | 3
J ®
+H
o €]
R_O_0 4@ R_oO_O R OO
4 5 6

Scheme 1: RCM/base-induced ring-opening sequence.

To the best of our knowledge, metathesis/non-metathesis one
flask sequences have not been used before for the two direc-
tional elaboration or desymmetrization of Cp-symmetric
building blocks. In this contribution, we demonstrate that this
combination can be advantageously used for the synthesis of
decanolides. These natural products share a ten-membered
lactone structure and are normally isolated from fungi. Diverse
bioactivities have been reported, such as phytotoxicity, cytotox-
icity, antimalarial and antibacterial activity, which are a strong
motivation for total synthesis [26,27]. In addition, several ambi-
guities in the structural assignment of some of these natural
products still exist, and chemical synthesis has been proven to
be a powerful and reliable tool for completing the structure
elucidation and for correcting erroneous assignments. In par-
ticular if ex-chiral pool starting materials with well established

absolute configurations are used, such as D-mannitol-derived 1

Beilstein J. Org. Chem. 2013, 9, 2544—-2555.

or L-tartrate-derived ent-1, highly reliable structural assign-
ments become possible. Two decanolides, for which the
absolute configuration was only assigned based on analogy to
related natural products are stagonolide E [28,29] and curvulide
A [30]. Stagonolide E is a secondary metabolite of Stagono-
spora cirsii, which is a fungal pathogen of the weed Cirsium
arvense [28]. It has also been isolated from the fungus Curvu-
laria sp. PSU-F22 [29]. Curvulide A was identified as a
metabolite of a different strain of Curvularia sp. [30]. In this
case, the absolute configuration at C9 was assigned as 9R based
on a comparison of its CD spectrum with that of a structurally
related compound, whereas the configuration at C6 could not be
clarified. For the epoxide moiety of curvulide A, only the rela-
tive configurations at C4 and C5 were elucidated based on H,H-

coupling constants (Figure 1) [30].

6A
HO"

5
LT
N H”2

stagonolide E curvulide A

Figure 1: Structures and numbering scheme for stagonolide E and
curvulide A.

So far, two syntheses of stagonolide E have been published,
which both rely on asymmetric synthesis for establishing both
stereocenters. The crucial (2Z,4E)-configuration of the diene
moiety was constructed via Still-Gennari olefination [31] or via
RCM of an acrylate with an E-configured diene at the opposite
terminus [32]. Curvulide A has, to the best of our knowledge,

not been synthesized previously.

Results and Discussion

We planned to use a macrolactonization of precursor 7 as the
cyclization step. For the synthesis of 7, a cross metathesis of 1
(or a protected derivative) with methyl vinyl ketone (8) was
envisaged as the first step, followed by an esterification of the
more distant OH group with vinylacetic acid (9). This would
provide a precursor 2 (Scheme 1) for the RCM-ring opening
sequence (Scheme 2).

Our synthesis of stagonolide E started with a selective protec-
tion of one hydroxy group of diol 1 to furnish the known TBS-
ether 10 [6,19], because we knew from previous experience that
a desymmetrization based solely on cross metathesis would
most likely be inefficient and yield substantial amounts of
double functionalized product (Scheme 3) [9]. We tested methyl
vinyl ketone (8) as a cross-metathesis partner, and the recently
described Umicore M5, initiator (A) [20,33,34], as well as
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CM _
‘ “ 80
HO" ‘ 0_0 — PGO” ‘ OHCOZH — 4o WOH co
= ,’I/ _
stagonolide E RCMS_e"(i]’Lge'r?(F:’:ning 7 1 |9

Scheme 2: Synthetic plan for stagonolide E.

- 8 (8 equiv), B (5 mol %), MOMBFr (1.5 equiv),
CH,CI, (0.5 M), NEt(iPr), (2.0 equiv)
«_.OPG
HO : R
P 40°C,1h CH,Cly, 40 °C, 12 h

1(PG=H) TBSCI (1.1 equiv),
imidazol (1.5 equiv),
10 (PG =TBS)

CH,Cl,, 20 °C, 12 h (87%)

Cu(OAc),-H,0 (5 mol %), BDP (1 mol %),
PMHS (2 equiv), t-BuOH (3 equiv)

toluene, 20 °C, 1 h

PPh,
@ (BDP) 12 (90%)
PPh,

TBAF (1.2 equiv),
THF, 20 °C, 0.25 h

1) TBAF (1.2 equiv), THF,
68 °C,3h

2)9 (1.1 equiv), DCC (1.1 equiv),
DMAP (10 mol %), CHCly,
20 °C, 16 h (71% from 13)

15 (97%)

O 9 (1.1 equiv),
DCC (1.1 equiv),

DMAP (10 mol %),

CH.Cly,20°C, 2 h

Cu(OAc),-H50 (5 mol %), BDP (1 mol %),
PMHS (2 equiv) toluene, 20 °C, 1 h;

then add TBAF (2 equiv), 20 °C, 2 h (87%)

16 (90%) |

Scheme 3: Synthesis of RCM/ring opening precursor 14.
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Grubbs’ second generation carbene complex B [35] as precata-
lysts (Table 1). Phosphine-free precatalysts with a hemilabile
alkoxy ligand are supposed to be well-suited for cross
metathesis reactions [36,37]. With a moderate catalyst loading
of 2.0 mol % of A, we isolated the expected cross metathesis
product 11 in an acceptable yield of 76% (Table 1, entry 1).
Surprisingly, the yield decreased considerably to 51% with an
increased catalyst loading of 5.0 mol %, and formation of a
byproduct with an R¢ value very similar to that of the cross
metathesis product 11 was observed by TLC (Table 1, entry 2).
Inspection of the 'H NMR spectrum of the crude reaction mix-
ture revealed that two singlets at 2.35 ppm and 6.75 ppm in a
1:3 ratio were present, which matches the NMR data previ-
ously reported for (E)-hex-3-ene-2,5-dione [38]. Obviously,
catalyst A is sufficiently active to initiate the self metathesis of
methyl vinyl ketone (8) to a considerable extent at a catalyst
loading of 5.0 mol %, and consequently lower amounts of cata-
lyst were tested in the following experiments. With 0.5 mol %,
the isolated yield was 67% under otherwise identical conditions
(Table 1, entry 3), and 85% of 11 were obtained with 1.0 mol %
of A (Table 1, entry 4). With these catalyst loadings self
metathesis of 8 is largely suppressed and the chromatographic
isolation of 11 is facilitated, which might explain the improved
yields under these conditions. With second generation Grubbs’
catalyst B, the self metathesis of the supposedly less reactive
CM partner occurs only to a minor extent, even at elevated
temperatures and catalyst loadings. When we used 2 mol % of
B (Table 1, entry 5) the yield was 61%, but could be improved

Table 1: Optimization of conditions for CM of 10 and methyl vinyl
ketone (8).2

MesN\\_(/NMes MesN_/NMes
Cl el

RU_ RU:?\
a’'t c” ||DC Ph
0 Y3
o)

A B

entry catalyst (mol %) solvent T yield of 11
1 A (2.0) CHCly 40°C  76%
2b A (5.0) CHoCly 40°C  51%
3 A (0.5) CH.Cl, 40°C 67%
4 A (1.0) CH,Cl, 40°C  85%
5 B (2.0) toluene 80°C 61%
6¢ B (2.0) toluene 80°C 78%
7 B (5.0) CHoCly 40°C  93%

aGeneral conditions: 8.0 equiv of 8, initial substrate concentration:
¢ = 0.5 M; Pformation of (E)-hex-3-ene-2,5-dione observed in the
TH NMR spectrum of the crude reaction mixture. °With phenol
(0.5 equiv) as additive.
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to 78% by adding phenol (Table 1, entry 6). The beneficial
effect of phenol in cross metathesis reactions is known and has
been attributed to a stabilization of the reactive 14-electron
species [39]. A very high yield of 93% was eventually obtained
by using 5 mol % of B in refluxing dichloromethane (Table 1,
entry 7).

In the next step, the remaining hydroxy group was protected as
a MOM ether 12, which was then selectively reduced at the
electron-deficient double bond, using polymethylhydrosiloxane
(PMHS) [40] as a reducing agent and a BDP—Cu hydride cata-
lyst. This variant of Stryker’s reagent [41] has more recently
been described by Lipshutz et al. [42] and was found to furnish
ketone 13 in 74% yield. Desilylation of 13 could be accom-
plished quantitatively using TBAF at elevated temperature.
However, an unidentified byproduct presumably a six-
membered lacol was formed, which could not be separated by
chromatography. Therefore the mixture was subjected to the
second step, a Steglich esterification [43] with vinylacetic acid,
to give the desired precursor 14 in pure form in 71% yield. To
avoid the formation of the inseparable byproduct, we investi-
gated a reversed order of steps. To this end, 12 was first desily-
lated to allyl alcohol 15, which was then converted to butenoate
16, again via Steglich esterification. For the selective reduction
of the enoate 16, the Stryker—Lipshutz protocol was again the
method of choice and optimized conditions eventually furnished
14 in 87% yield (Scheme 3).

For the Stryker—Lipshutz reduction of 16 slightly different
conditions were used than for the reduction of 12. In particular,
tert-butanol was omitted as a co-solvent, and TBAF was added
to the reaction mixture after completed reduction. This modifi-
cation was the result of an optimization study based on mecha-
nistic considerations (Table 2) [44].

The conditions previously used for the reduction of enoate 12
involved the use of tert-butanol as a co-solvent, together with
toluene. Under these conditions, reproducible yields in the
range between 67% and 78% were obtained (Table 2, entries
1-3). The alcohol is believed to protonate the Cu-enolate
formed upon conjugate addition, resulting in the ketone and a
Cu-alkoxide, which is then reduced with silane to regenerate the
Cu-hydride. Alternatively, the Cu-enolate might enter a
competing catalytic cycle by reacting with silane, furnishing a
silyl enol ether and the catalytically active Cu-hydride species.
The silyl enol ether is inert to protonation by fert-butanol, and
therefore the competing secondary cycle will result in a
decreased yield of reduction product. This reasoning prompted
us to run the reaction in toluene without any protic co-solvent,
which should exclusively lead to the silyl enol ether, and add
TBAF as a desilylating agent after complete consumption of the
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Table 2: Optimization of Cu—H-catalysed reduction of 16.
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entry Cu(OAC)2-Ho0 (mol %) BDP (mol %) PMHS (equiv) solvent yield of 14
1 5 1 2 toluene/t-BuOH (5:1) 72%
2 5 2 toluene/t-BuOH (2:1) 78%
3 1 0.5 1.2 toluene/t-BuOH (2:1) 67%
4a 5 1 2 toluene 87%

8TBAF (2 equiv) added after complete consumption of starting material.

starting material. The reduced product 14 was isolated under
these conditions in 87% yield (Table 2, entry 4). With ketone 14
in hands, we decided to establish the required configuration at
C9 in the next step. To this end, a CBS reduction [45,46] catal-
ysed by the oxazaborolidine 17 was tested first (Table 3).

Table 3: Investigation of CBS reduction of ketone 14.

17 (n mol %);
reducing agent;

entry catalyst reducing agent T drd
(mol %)
1 17 (10) H3B-SMe; -78 °C no conversion
2 17 (20) H3B-THF 20 °C complex mixture
3 17 (20) H3B-THF -50°C 1:1
4 17 (20) catechol borane -78°C 3:2

aDetermined from "H NMR spectra of the crude reaction mixtures.

With borane—dimethylsulfide complex as the reductant and
10 mol % of catalyst, no conversion was observed at =78 °C
(Table 3, entry 1), whereas attempted reduction at ambient
temperature (Table 3, entry 2) resulted in the formation of a
complex mixture, presumably due to competing hydroboration
of the alkenes. With borane—THF at —50 °C the reduction
proceeded to completion, but gave a 1:1 mixture of diastereo-
mers (Table 3, entry 3). With catechol borane at —78 °C conver-
sion was again complete, but the diastereoselectivity was far
from being synthetically useful (Table 3, entry 4). Due to these
rather discouraging results we did not pursue enantioselective
reduction methods further to establish the required 9R-configu-
ration, but considered a resolution approach. Ketone 14 was
first reduced with NaBH,4 to the expected diastereomeric mix-

ture of alcohols 18, which were then subjected to the conditions

of the RCM/base-induced ring-opening sequence. Unfortu-
nately, the expected macrolactonization precursor 19 was not
obtained, but an inseparable mixture of products. To access the
intended substrate for the resolution, secondary alcohol 19, we
investigated an inverted sequence of steps: ketone 14 was first
converted to the 9-oxodienoic acid 20 under RCM/ring-opening
conditions, followed by a reduction of the ketone with DIBAI-H
to furnish 19. Unfortunately, the yields obtained via this two-
step sequence were only moderate and most likely to low to
provide sufficient amounts of material for an efficient resolu-
tion (Scheme 4).

These unsuccessful attempts to establish the correct configu-
ration at C9 led to a revision of the synthetic strategy. We
decided to investigate a dynamic kinetic resolution (DKR) ap-
proach at an earlier stage of the synthesis and identified the sec-
ondary alcohol 21 as a promising starting point for this ap-
proach (Scheme 5).

Compound 21 was obtained via two alternate routes, either by
reduction of ketone 13 (Scheme 3) with NaBH4 or from ester 25
via one-flask reduction to the corresponding aldehyde and addi-
tion of methylmagnesium chloride. Ester 25 was in turn synthe-
sized in three steps from monoprotected dienediol 10 via cross
metathesis with methyl acrylate (22) [47] using a comparative-
ly low loading of phosphine-free catalyst A, followed by MOM
protection and Stryker—Lipshutz reduction of 24. Notably the
latter step proceeds significantly more efficient in a toluene/zert-
butanol solvent mixture than the analogous enone reductions
outlined in Scheme 3 and Table 2. Compared to these reactions,
the saturated ester 25 was obtained in a nearly quantitative yield
using half the amount of Cu precatalyst and BDP ligand.

In order to obtain enantiomerically pure 21, an enzyme/tran-
sition metal-catalysed approach was investigated [48,49].
In this regard, the combination of Ru complexes such as
Shvo’s catalyst (C) [50], the amino-Cp catalyst D [51], or
[Ru(CO),CI(1°CsPhs)] [52], and the lipase novozym 435 has
emerged as particularly useful [53,54]. We tested Ru catalysts
C and D under a variety of conditions (Table 4). In the absence

of a Ru catalyst, a kinetic resolution occurs and 26 and
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NaBH, (1.0 equiv)

methanol, 20 °C, 0.5 h

B (2 mol %), toluene (0.1 M),
80 °C; 0.5 h;

then add NaH (1.5 equiv), 1 h;
then H,O/H*

0
DIBAIH (2.1 equiv)
L_Ho__o
MOMO | THF, 0°C, 0.5 h
=
20 (64%)

Scheme 4: Synthesis of a substrate 19 for “late stage” resolution.
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o
18 (76%)

B (2 mol %), toluene (0.1 M),
80 °C; 0.5 h;
then add NaH (1.5 equiv), 1 h;
then H,O/H*

HO

e~ _H

MOMO' ’ 00
=

19 (51% from 20)

COzMe COQMe
Z>COo,Me . B
- o ptuomoesnan,
i .5 mo , equiv),
HO™ LOTBS 22 (10 equiv) PGO" ~OTBS ° 9 MOMO™ ~OTBS

A (1 mol %), CH,Cl, toluene/t-BuOH (2:1), 20 °C, 12 h

= (0.5M),20°C, 1h = Pz

10 23 (R = H: 90%) MOM-Br (1.5 equiv), NE(iPr), 25 (97%)
(2.0 equiv), CH,Cly, 40 °C, 12 h

24 (R = MOM: 93%)

HO
NaBH; (1.0 equiv), MeOH, DIBAI-H (1.05 equiv), THF,
20°C. 0.5 h -78°C, 0.3 h;
«~OTBS —— S\ _~OTBS
92% MOMO then add MeMgCl (3 equiv),
-78°Ct020°C,1h
95%
13 21
AcO,,
See Table 4,
O/H\O entry 6 for
Ph >\ optimized
Ph Ph s SN
Ph Ph o N conditions _ momo” ~+°T8S T \iomo
or L \R R J/ Ph™ | ~Ph
u u Ph
Ph |\ Ph w-RU
oc oc’; H é}co O% d “c 26 (S)-21
Shvo's catalyst (C) D T - |

DIAD (2.0 equiv),

Scheme 5: Synthesis of substrate 21 for “early stage” resolution.

PPhj (2.0 equiv),
AcOH (2.0 equiv),
THF, 20 °C, 0.5 h (82%)
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Table 4: Optimization of conditions for Ru—lipase-catalysed DKR of 21.

entry conditions?

1d Novozym 435, iPPA (1.0 equiv), toluene, 20 °C, 24 h

2d C (2 mol %), Novozym 435, iPPA (10.0 equiv), toluene, 70 °C, 72 h
3d C (1 mol %), Novozym 435, iPPA (10.0 equiv), Na,CO3 (1.0 equiv), toluene, 70 °C, 24 h
4d D (2 mol %), Novozym 435, iPPA (1.5 equiv), NaoCO3 (1.0 equiv); t-BuOK (5 mol %), toluene,

20°C,7d

5d D (2 mol %); Novozym 435, iPPA (1.5 equiv), t-BuOK (5 mol %), toluene, 20 °C, 7 d
6d D (2 mol %), Novozym 435, iPPA (3.0 equiv), NaoCO3 (1.0 equiv), t-BuOK (3 mol %), toluene,

30°C,7d

7€ D (5 mol %), Novozym 435, iPPA (1.5 equiv), NaoCO3 (1.0 equiv), t-BuOK (6 mol %), toluene,

30°C,5d

af D (5 mol %), Novozym 435, iPPA (3.0 equiv), NaoCO3 (1.0 equiv), t-BuOK (6 mol %), toluene,

30°C, 14d

Beilstein J. Org. Chem. 2013, 9, 2544—-2555.

26 (25)-21bc 13¢

49% 44% n.d.
17% n.d. 65%
30% n.d. 30%
50% 38% n.d.
50% n.i. n.d.
67% 31% n.d.
76% 20% n.d.
80% n.i. n.d.

ajPPA: isopropenyl acetate; °n. d.: not determined; °n. i.: not isolated; 9dr’s of 26 and (2S)-21 >19:1; &dr of 26 = 6:1; fdr of 26 = 3:1.

the resolved alcohol (25)-21 were isolated in similar yields
(Table 4, entry 1). Upon addition of Shvo’s catalyst C, only
minor amounts of the desired acetate 26 and no resolved alcohol
were obtained. Instead, the dehydrogenation product 13 was the
predominant product (Table 4, entry 2). Addition of the base
Na,COj led only to a small improvement (Table 4, entry 3).
Ketone formation has previously been described in attempted
DKR'’s of secondary alcohols when catalyst C was used in
combination with isopropenyl or vinyl acetate as acylating
agents [54]. For this reason, the aminocyclopentadienyl-Ru
complex D was evaluated next. Very similar results were
obtained with a catalytic amount of KO#-Bu in the presence or
absence of a stoichiometric amount of Na,COj as a base, at
ambient temperature and a reaction time of one week (Table 4,
entries 4 and 5). A slightly elevated temperature led to a signifi-
cantly improved yield of 67% of 26 and 31% of (25)-21. Both
compounds were obtained in a diastereomeric ratio higher than
19:1, as judged from the 'H NMR spectrum (Table 4, entry 6).
In an attempt to further improve the yield of 26, the amount of
catalyst D was increased to 5 mol %. This resulted indeed in an
increased amount of 26, but at the expense of diastereoselectiv-
ity, which dropped to 6:1 (Table 4, entry 7). A prolonged reac-
tion time of 14 d led, under otherwise identical conditions, to a
slightly improved yield, but at the same time to an even more
dramatic erosion of diastereoselectivity (dr = 3:1, Table 4, entry
8). Thus, the conditions listed in Table 4, entry 6 were identi-
fied as the optimum. As the alcohol (25)-21 could also be
isolated in a diastereomeric ratio higher than 19:1, it was
converted to 26 via Mitsunobu inversion [55] with acetic acid as
the nucleophile.

The synthesis of stagonolide E commenced with the desilyla-
tion of 26 and Steglich esterification of the resulting allyl
alcohol 27. One-flask reaction of 28 with catalyst B, followed
by treatment with NaH, resulted in the expected RCM/ring-

opening sequence, but also in a partial deacetylation. For this
reason, the crude reaction mixture was subsequently treated
with aqueous NaOH to complete the ester cleavage, giving the
macrolactonization precursor 29 [31] in 81% yield (Scheme 6).

In a previous study [24], we had investigated the macrolac-
tonization of the 6-deoxygenated derivative of 29, which is
itself a natural product named curvulalic acid (35) [29], and
experienced enormous difficulties. No conversion to the
expected cyclization product, another naturally occurring
decanolide named fusanolide A (36) [56], was observed using
the Steglich [43], Mukaiyama [57], Yamaguchi [58] or Shiina
method [59] under their published standard conditions. For
these reasons, we decided to investigate whether the macrolac-
tonization of (2Z,4F)-9-hydroxy-2,4-dienoic acids is generally
hampered, which might be caused by the build-up of ring strain.
We started this investigation with the simple derivative 33,
which was synthesized from 30 [60] via a sequence of three
steps. For the macrolactonization of 33 we chose Yamaguchi’s
method, but applied significantly more forcing conditions by
using increased amounts of reagents and in particular a large
excess of DMAP, in combination with higher dilution and
elevated reaction temperatures. This led indeed to the forma-
tion of the desired lactone 34, which could be isolated in a
moderate yield of 27% (Scheme 7).

With this result in hand, we reinvestigated the cyclization of 35
[24] to fusanolide A (36) under the conditions outlined above.
Gratifyingly, 36 was obtained in a yield of 53%, which allowed
us to compare its analytical data with those reported for natural
fusanolide A [56]. This comparison confirmed our previously
suggested revision of the ten-membered lactone structure origi-
nally assigned to fusanolide A, as the spectroscopic data
obtained for synthetic 36 differ significantly from those
reported for the natural product. As we mentioned in our
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AcO,,
TBAF (1.2 equiv),

MOMO™ THF, 20 °C, 12 h

26

then H,O/H*

1) B (2 mol %), toluene (0.1 M), 80 °C, 0.5 h;
then add NaH, (1.5 equiv), 1 h;
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AcO,,
9 (2.0 equiv),
DCC (2.0 equiv),
DMAP (20 mol %),

MOMO CH,Cl,, 20 °C, 2 h

27 (92%)

29 (81%)

Scheme 6: Synthesis of macrolactonization precursor 29.

2) NaOH (aq, 4 M), 60 °C, 0.5 h

TBSO ) TBSO
9 (1.1 equiv), B (2 mol %), toluene (0.1 M), 80 °C, 1 h;
DCC (1.1 equiv), then add NaH (1.5 equiv) 1 h;

DMAP (10 mol %) then H,O/H*
OH o

CH,Cly, 20 °C, 2 h

= =
30 31 (88%)
RO
2,4,6-trichlorobenzoyl chloride (3 equiv),
O. _O NEt(iPr), (5 equiv), THF, 20 °C, 2 h;
HO__O -~
| _ then add DMAP (20 equiv), | j
toluene (0.001 M) 110 °C, 2 h Z
34 (27%) 32 TBAF (1.2 equiv),

(R = TBS: 67%)

33 -

(R = H: 84%)

THF,20°C12h

Scheme 7: Synthesis of (2Z,4E)-9-hydroxy-2,4-dienoic acid (33) and its macrolactonization.

previous publication describing the synthesis of curvulalic acid
(35) [24], all spectroscopic data obtained for this compound
match those reported for fusanolide A [56] perfectly, suggesting
that curvulalic acid and fusanolide A are probably identical. It
should, however, be noted that 36 might well be a natural prod-
uct which has not yet been isolated from a natural source
(Scheme 8).

To complete the synthesis of stagonolide E, the MOM-protected
precursor 29 and the deprotected derivative 37 were subjected
to the Yamaguchi conditions that were found to be successful
for the synthesis of 34 and 36 (Scheme 9). While the attempted

Yamaguchi lactonization of 37 failed completely and resulted
only in the quantitative recovery of unreacted starting material,
the 6-MOM-protected precursor 29 underwent cyclization
to the protected decanolide 38 [31] in 67% yield. Deprotection
of 38 was accomplished with TFA in dichloromethane at
ambient temperature without noticeable epimerization or elimi-
nation of water. Stagonolide E was isolated in 90% yield and its
analytical data were identical to those reported for the natural
product [28].

Only few examples for the macrolactonization of ®-hydroxy-
27 4E-dienoic acids such as 29, 33 and 34 have been described
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2,4,6-trichlorobenzoyl chloride (3 equiv),
NEt(iPr), (5 equiv), HF, 20 °C, 2 h; 0. .0

then add

Scheme 8: Synthesis of published structure of fusanolide A (36).

36 (53%)
[a]p2® = 112 (¢ 0.18, CH,Cl,)

=

DMAP (20 equiv), toluene (0.001 M), 110 °C, 2 h

2,4,6-trichlorobenzoyl chloride (3 equiv),
NEt(iPr), (5 equiv), THF, 20 °C, 2 h

HCI (3 M), THF,
20°C, 36 h

then add
DMAP (20 equiv), toluene (0.001 M), 110 °C, 2 h |

2,4,6-trichlorobenzoyl chloride (3 equiv),
NEt(iPr), (5 equiv), THF, 20 °C, 2 h

MOMO"™ O°

=
38 (67%)

CH,Cl,/CF3CO,H
(4:1),20°C,1.5h

37 (77%)

Scheme 9: Completion of stagonolide E synthesis.

in the literature, and we are not aware of another study which
describes the cyclization of differently substituted derivatives
under identical conditions. Notably, the yield of macrolactones
is significantly affected by the substitution pattern and increases
from 27% for the unsubstituted lactone 34 (Scheme 7) to 53%
for the 9-methyl-substituted derivative 36 (Scheme 8) and to
67% for the 6,9-disubstituted compound 38 (Scheme 9). The
presence of substituents and their relative configuration may
have severe conformational effects on transition states, acti-
vation barriers and product stability [61,62]. An example for
which a dramatically increased yield was reported upon
incorporation of substituents has been reported in the course of
an octalactin synthesis [61].

Having established a reliable route to stagonolide E, we investi-
gated its epoxidation under Sharpless conditions [63]. We
expected that this transformation would give either curvulide A

[30] or one of its diasterecomers, and help to resolve the

then add
DMAP (20 equiv), toluene (0.001 M), 110 °C, 2 h

/
1

stagonolide E (90%)
[a]p?® = -177 (¢ 0.65, CH,Cly)

remaining structural ambiguities, i.e. the absolute configura-
tions at C4, C5 and C6. Based on the transition-state model for
the Sharpless epoxidation of allylic alcohols bearing a stereo-
genic centre in the allylic position [64], we expected that
levorotatory stagonolide E and L-(+)-diethyl tartrate (DET)
should form the mismatched pair, while the matched pair would
result with D-(—)-DET (Scheme 10).

We subjected (—)-stagonolide E to the conditions of a Sharpless
epoxidation, using both L-(+)-DET and D-(—)-DET. As
expected on the basis of the transition-state model, no reaction
occurred after 2 d with L-(+)-DET, and the starting material
could be recovered nearly quantitatively. In contrast, the use of
D-(—)-DET led to the formation of an epoxide 39b in 58%
yield. A comparison of the analytical data of 39b with those
reported for curvulide A revealed that the NMR spectroscopic
data are identical, and the value for the specific rotation of 39b

is reasonably close to the value reported for the natural product
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Scheme 10: Transition-state models for the Sharpless epoxidation of
stagonolide E with L-(+)-DET (left) and D-(-)-DET (right).

([a]p® +133) [30]. Therefore, we conclude that the Sharpless-
epoxidation product of stagonolide E is identical with curvulide
A and suggest the (4R,5R,6R,9R)-configuration shown for 39b
(Scheme 11).

While the R-configuration assigned to C6 and C9 is unequivo-
cally established, because these stereocenters originate from
stagonolide E, there still remains an uncertainty for the absolute
configurations at C4 and C5. While the relative trans-configu-
ration at these stereocenters is evident from a small 3J(H4-H5)
value of 2.2 Hz and from the E-configuration of the precursor,
the relative configuration of C6 and C5, and hence the absolute
configurations at C4 and C5, can not be assigned with absolute
reliability. However, a comparatively large coupling constant
3J(H5-H6) of 8.2 Hz is pointing towards a trans-orientation of
these protons with a large dihedral angle. Unfortunately, we
could not obtain the (4S5,5S,6R,9R)-configured 39a and compare
the crucial 3J(H5-H6) coupling constants of the two diastereo-

(R) Ti(OiPr), (1.2 equiv), D-(-)-DET (1.4 equiv),
t-BUOOH (3.0 equiv),

Beilstein J. Org. Chem. 2013, 9, 2544—-2555.

isomers. However, the calculated energy-minimized structures
of 39a and 39b suggest that the H5S—H6 dihedral angles should
differ substantially (Figure 2). For 39a, this angle should be
close to 90°, which is not in agreement with a coupling constant
of 8.2 Hz. In contrast, the same dihedral angle can be expected
to be approximately 170° in the case of the diastereomeric
epoxide 39b, and this value fits well to the observed 3 J(H5-H6)
value (Figure 2) [65].

Figure 2: MM2 energy-minimized structures of 39a and 39b.

Conclusion

In summary, we synthesized the naturally occurring ten-
membered lactones stagonolide E and curvulide A, starting
from the ex-chiral pool building block (R,R)-hexa-1,5-diene-
3,4-diol. Key elements of the stagonolide E synthesis are the
two-directional functionalization of the enantiopure, Cp-sym-
metrical starting material through cross metathesis and a one-
flask ring-closing metathesis/base-induced ring-opening
sequence, a Ru-lipase-catalyzed dynamic kinetic resolution to
establish the stereochemistry at C6, and a Yamaguchi macrolac-
tonization. The first synthesis of curvulide A was accomplished
by Sharpless epoxidation of stagonolide E. While the previ-
ously assigned absolute and relative configurations of stagono-
lide E could be confirmed by the synthesis described herein, we
were able to provide additional information concerning missing
structural assignments for curvulide A, which is most likely
(4R,5R,6R,9R)-configured.

stagonolide E
[a]p?* -177 (¢ 0.65, CH,Cly)

Scheme 11: Synthesis of 39b (curvulide A) from stagonolide E.

CH,CI,, 0°Ct0 20 °C,48 h

curvulide A (39b)
[a]p?! +117 (c 0.18, methanol)
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Antimycins (>40 members) were discovered nearly 65 years ago but the discovery of the gene cluster encoding antimycin biosyn-
thesis in 2011 has facilitated rapid progress in understanding the unusual biosynthetic pathway. Antimycin A is widely used as a
piscicide in the catfish farming industry and also has potent killing activity against insects, nematodes and fungi. The mode of
action of antimycins is to inhibit cytochrome ¢ reductase in the electron transport chain and halt respiration. However, more
recently, antimycin A has attracted attention as a potent and selective inhibitor of the mitochondrial anti-apoptotic proteins Bel-2
and Bcl-xp . Remarkably, this inhibition is independent of the main mode of action of antimycins such that an artificial derivative
named 2-methoxyantimycin A inhibits Bcl-x but does not inhibit respiration. The Bcl-2/Bcl-xy, family of proteins are over-
produced in cancer cells that are resistant to apoptosis-inducing chemotherapy agents, so antimycins have great potential as anti-
cancer drugs used in combination with existing chemotherapeutics. Here we review what is known about antimycins, the regulation
of the ant gene cluster and the unusual biosynthetic pathway.

Review

It is estimated that around 60% of all known antibiotics are
derived from secondary metabolites made by filamentous
actinomycete bacteria, most notably Streptomyces species [1].
Streptomyces species are predominantly known as saprophytic
soil bacteria that have a complex differentiating life cycle. The
life cycle begins with spore germination and outgrowth of a

substrate mycelium and ends with the production of reproduc-

tive aerial hyphae, which undergo cell division to form chains
of unigenomic spores [2]. Aerial hyphae production and sporu-
lation is triggered by nutritional stress and is accompanied by
the production of secondary metabolites. These specialised
metabolites likely function both as chemical weapons against
competing organisms in the soil and as signaling molecules to

neighbouring microbes [3]. In recent years genome sequencing
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has revealed that each Streptomyces species encodes many more
specialised metabolites than it makes in laboratory culture,
leading to new efforts to activate these so-called “silent path-
ways.” The number of known antibiotics made by Strepto-
myces species is likely to grow rapidly with the advent of
genome mining approaches, which start by identifying
promising specialised metabolite gene clusters in whole genome
sequences and then inducing their expression through chemical
or genetic manipulation of the gene cluster in the native or a
heterologous host. This approach has already been used to iden-
tify novel chemical scaffolds of antibiotics produced by well-
studied Streptomyces species [4-6] and to identify the biosyn-
thetic gene clusters for commercially important antibiotics
[7-11]. The latter allows cloning, optimisation and engineering
of such pathways to generate new derivatives with improved

pharmacological properties.

We recently sequenced the genome of Streptomyces albus S4,
which we isolated from the cuticle of the leaf-cutter ant
Acromyrmex octospinosus [12,13]. Using genome-mining
strategies, we identified the biosynthetic gene cluster for a
group of compounds called antimycins that were discovered
more than 60 years ago [7,14]. Antimycins, including struc-
turally related uranchimycins, kitamycins and splenocins have
unique structures comprising a nine-membered dilactone core
conjugated to a rare 3-formamidosalicylic acid moiety and they
comprise more than 40 known members (Figure 1) [15-22].
Antimycins can undergo base-catalysed decomposition
resulting in the production of volatile blastmycinones and
butenolides [23]. The main mode of action of antimycins is to

(0] antimycin core

0]
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inhibit cytochrome c reductase, an enzyme in the electron trans-
port chain in mitochondria and bacteria and as such they are
bioactive against a wide range of oragnisms including fish,

fungi, insects and nematodes [24].

Antimycins are widely used as a piscicide (brandname Fintrol)
in the catfish farming industry. Catfish are easy to farm and
they provide an inexpensive source of food in large parts of
Asia and in the Southern USA. Catfish are relatively insensi-
tive to antimycins and Fintrol is used to selectively kill other
unwanted scaled fish species during aquaculture [26].
Antimycins are also used as research tools to study the struc-
ture and function of cytochromes [27]. More recently
antimycins have been shown to be potent and selective inhibi-
tors of the mitochondrial Bcl-2/Bcl-xy -related anti-apoptotic
proteins [28]. Over-production of Bcl-2/Bcl-x -related proteins
in cancer cells confers resistance to multiple chemotherapeutic
agents whose mode of action is to trigger apoptosis. A small
molecule screen identified antimycins as potent inhibitors of
Bcl-2-related proteins where they were shown to bind to the
hydrophobic groove [28]. A synthetic derivative of antimycin
A3, 2-methoxyantimycin A3z (Figure 1), no longer inhibits the
respiratory chain, but still promotes apoptosis in cells over-
producing Bcl-2-related proteins [29]. This suggests antimycin
derivatives could be used alongside traditional apoptosis-induc-
ing chemotherapeutics to block drug resistance and kill cancer
cells [30]. Therefore, there is significant interest in better under-
standing the biosynthesis and regulation of antimycins, with a
view toward bioengineering improved pharmacological prop-
erties for the treatment of drug-resistant cancers in the future.

(0] 2-methoxyantimycin A;

L
NH ocH,
H o) 0>\_>—
' w0
o)

o

O\ 5-fluoroantimycins

Figure 1: Antimycins: Antimycins A1, Ay, A3, and A4 and non-natural antimycins referenced in the text. Antimycin A, R! = COCH(CH3)CHoCHs, R2 =
(CH2)4CH3; Antimycin Ay, R = COCH(CH3),, R? = (CH2)4CHaz; Antimycin Az, R = COCHoCH(CHz),, R? = (CH2),CHg; Antimycin Ag4, R =
COCH(CH3), R2 = (CH5),CHs. For a recent summary of the chemical diversity in the antimycin family see [25].
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The ant gene cluster

Since our discovery of the ant gene cluster in S. albus S4, we
and others have identified ant gene clusters in 14 out of 117
fully or partially sequenced genomes available in Genbank for
the genus Streptomyces (Figure 2). The 14 ant gene clusters can
be classified as long-form (L-form, 17 genes), intermediate-
form (I-form, 16 genes) or short-form (S-form, 15 genes).

L-form ant gene clusters contain two genes, antP and antQ,

Beilstein J. Org. Chem. 2013, 9, 2556—-2563.

which are not encoded by S-form gene clusters [25], and I-form

gene clusters contain either antP or antQ, but not both.

L-form ant gene clusters are encoded by six taxa, S. ambofa-
ciens ATCC 23877 [7,33], S. blastmyceticus NBRC 12747 [25],
S. gancidicus BKS 13-15 and S. griseoflavus Ti4000 [23].
Interestingly, S. hygroscopicus subsp. jinggangensis 5008 and
S. hygroscopicus subsp. jinggangensis TLO1 encode L-form ant

D E Q FGHIJKL MNO P
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Figure 2: Schematic representation of ant biosynthetic gene clusters. L-form ant gene clusters are encoded by: S. ambofaciens ATCC 23877
(AM238663), S. blastmyceticus NBRC 12747 (AB727666), S. gancidicus BKS 13-15 (AOHP01000135, AOHP01000134, AOHP01000056, [31]),

S. griseoflavus Ti4000 (ACFA01000901, ACFA01000902, ACFA01000903, ACFA01000904, ACFA01000905, ACFA01000906, ACFA01000907);

S. hygroscopicus subsp. jinggangensis 5008 (NC_017765); S. hygroscopicus subsp. jinggangensis TLO1 (NC_020895). I-form ant gene clusters are
encoded by: Streptomyces sp. 303MFCol5.2 (ARTR01000061), Streptomyces sp. TOR3209 (AGNH01000419, AGNH01000420, AGNH01000421,
[32]). S-form ant gene clusters are encoded by: S. albus S4 (CADY01000091); S. albus J1074 (NC_020990); Streptomyces sp. SM8
(AMPNO01000393, AMPN01000430, AMPN01000050); Streptomyces sp. NRRL2288 [25]; Streptomyces sp. LaPpAH-202 (ARDMO01000016); Strepto-
myces sp. CNY228 (ARIN01000033). The Genbank accession numbers provided correspond to either the complete genome sequence or the
contig(s) of draft genome sequences encoding the ant gene cluster. It is worth noting that there is a probable sequencing error in the S. gancidicus
BKS 13-15 cluster which causes the AntD orthologue not to have a stop codon. There is also a probable sequencing error in S. griseoflavus Ti4000,
which truncates the truncates C1 of AntC into a discrete protein. CCR, crotonyl-CoA reductase.
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gene clusters, but do not encode AntE (Figure 2). I-form ant
gene clusters are encoded by two species, Streptomyces sp.
303MFCol5.2 and Streptomyces sp. TOR3209, which lack antQ
and antP, respectively (Figure 2). There are six taxa, all highly
related to S. albus S4, that encode S-form ant gene clusters:
S. albus S4 [7], S. albus J1074 [7], Streptomyces sp. SM8,
Streptomyces sp. NRRL2288 [25], Streptomyces sp. LaPpAH-
202 and Streptomyces sp. CNY228.

Based on our analysis of S. albus S4, the S-form gene cluster is
organised into four transcriptional units; antAB, antCDE, antFG
and antHIJKLMNO (Seipke and Hutchings, unpublished
results; Figure 2). The antFGHIJKLN genes encode the biosyn-
thesis pathway for the unusual starter unit, 3-aminosalicylate,
antCD encode the hybrid NRPS/PKS machinery and antE and
antM encode a crotonyl-CoA reductase and a discrete ketore-
ductase, respectively. The antB and antO genes encode tailoring
enzymes and ant4 encodes an extracytoplasmic function (ECF)

RNA polymerase o factor named cAntA

. The additional genes
found in the 17 gene L-form and I-form ant gene clusters are
antP and antQ, which encode a kynureninase and phosphopan-

tetheinyl transferase, respectively [25] (Figure 2).

The availability of 14 ant gene clusters will facilitate a better
understanding of how the different forms of the ant gene cluster
evolved. More work in this area is required, however it is
tempting to speculate that the L-form ant gene cluster is the
ancestral gene cluster and antP and antQ were lost, giving rise
to the S-form gene cluster. The I-form ant gene clusters
encoded by Streptomyces 303MFCol5.2 and Streptomyces sp.
TOR3209, which lack antP and antQ, respectively could be
midway points toward evolving into S-form clusters, which
presumably use the kynureninase involved in tryptophan
catabolism and a phosphopantetheinyl transferase encoded else-
where in the genome to compensate for the loss of antP and
antQ, respectively.

Biosynthesis of the antimycin dilactone core

Antimycins are produced by a hybrid non-ribosomal peptide
synthetase (NRPS)/polyketide synthase (PKS) assembly line for
which the complete biosynthetic pathway has been proposed
[25,34] (Figure 3). The biosynthesis of antimycins involves the
activities of fourteen proteins, AntBCDEFGHIJKLMNO. The
biosynthesis begins with the opening of the indole ring of tryp-
tophan by a pathway-specific tryptophan-2,3-dioxygenase,
AntN, to produce N-formyl-L-kynurenine. For L-form ant gene
clusters, N-formyl-L-kynurenine is likely converted to anthrani-
late by the pathway-specific kynureninase, AntP, whereas
S-form gene clusters lack AntP and likely use the kynureninase
involved in primary tryptophan metabolism. Anthranilate and

not N-formylanthranilate is activated by the acyl-CoA ligase

Beilstein J. Org. Chem. 2013, 9, 2556—-2563.

protein, AntF and loaded onto its cognate carrier protein, AntG
[34]. Once loaded onto AntG, anthranilate is converted to
3-aminosalicylate by a multicomponent oxygenase, AntHIJKL
[33,34]. The anthraniloyl-S-AntG carboxylic acid-CoA
thioester undergoes a never before seen 1,2-shift. Spiteller and
colleagues suggested that AntHIJKL promotes this reaction via
an epoxide intermediate similar to a reaction in phenylacetate
catabolism [35] resulting in hydryoxylation of C-2 [33].
3-Aminosalicylate serves as the starter unit and is presented to
the NRPS, AntC. The AntC protein possesses two modules
organised as follows: C1-A1-T1-C2-A2-KR-T2. The Al
domain activates and loads threonine onto T1, followed by con-
densation of 3-aminosalicylate and threonine promoted by C1.
The A2 domain activates and loads pyruvate onto T2. Pyruvate
is subsequently stereospecifically reduced by the KR domain
and condensed with threonine by C2. The PKS, AntD posseses
one module composed of the domains KS-AT-ACP-TE. The
AT domain promotes the transfer of a 2-carboxylated acyl-CoA
to ACP. The acyl-CoAs that are utilised by AntDAT are the
product of AntE, a crotonyl-CoA reductase homologue, which
biosynthesises 'unusual' acylmalonyl-CoAs utilised as PKS
extender units [34,36,37]. The AntD AT domain is promis-
cuous and accepts multiple acylmalonyl-CoAs. In combination
with AntE, AntDAT is the source of the large chemical diver-
sity observed at position R within the antimycin family. Inter-
estingly, S. hygroscopicus subsp. jinggangensis 5008 and
S. hygroscopicus subsp. jinggangensis TLO1 do not encode
AntE, suggesting that these strains produce antimycins with less
chemical diversity at the R? position (Figure 2 and Figure 3).
The KS domain catalyses the decarboxylative condensation
between the aminoacyl thioester attached to AntCT2 and the
2-carboxy-acyl moiety attached to AntDACP. Next, a discrete
ketoreductase, AntM catalyses the stereoselective reduction of
the p-keto group, which precedes AntDTE — promoted regiospe-
cific macrolactonisation and release of the nine-membered
dilactone. Sandy et al. heterologously produced and purified
AntCDEFGM and used building monomers anthranilate,
L-threonine, pyruvate, and 2E-hexenoyl-CoA to conclusively
demonstrate the minimum set of enzymes required for biosyn-

thesis of the antimycin dilactone scaffold in vitro [34].

Antimycin tailoring genes

All known antimycin gene clusters contain two tailoring
enzymes, AntB and AntO (Figure 2). AntB is a discrete acyl-
transferase, which catalyses a transesterification reaction
resulting in the formation of a C-8 acyloxyl moiety and is re-
sponsible for generating the chemical diversity at R! (Figure 1).
AntB likely performs this reaction after assembly of the dilac-
tone core, as wild-type levels of biosynthetic intermediates
possessing a C-8 hydroxyl and not a C-8 acyloxyl were detected
in a AagntB mutant [38]. In vitro enzymatic synthesis showed
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specific kynureninase that is encoded by L- and I-form ant gene clusters.

that AntB is incredibly promiscuous and is capable of accepting
a wide variety of substrates, including an alkyne-containing
moiety, which has not been observed previously in the
antimycin family [38]. AntB is also able to accept substrates
presented by an alternate acyl carrier, N-acetylcysteamine
(SNAC), though the turnover rate of acyl-SNACs is 100-fold
lower than acyl-CoAs [38]. Despite the lower turnover rate,
acyl-SNAC substrates are cell-permeable and thus AntB's
ability to utilise acyl-SNACs provides the possibility to employ
feeding studies to introduce new chemistry at C-8. AntO is a
lipase homologue and is predicted to install the N-formyl group
resulting in the 3-formamidosalicylate moiety. AntO is required

for bioactivity against the human pathogenic fungus, Candida

albicans (Seipke and Hutchings, unpublished results), but the
exact time in which AntO installs the N-formyl group is unclear

and requires investigation.

Regulation of the ant gene cluster

Antimycin biosynthesis is linked to development, as is the case
for many Streptomyces secondary metabolites. However,
antimycin biosynthesis is unusual because all four ant operons
are highly expressed in substrate mycelium (after 24 hours
growth on solid medium) whereas antimycins are not detected
until after the production of aerial mycelium when ant gene
expression is switched off (after 48 hours growth) (Seipke and
Hutchings, unpublished results). This lag between gene expres-
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sion and antimycin production may be due to the complex
biosynthetic machinery that needs to be assembled to first make
the unusual starter unit 3-aminosalicylate and then finally
assemble the antimycin scaffold. The down-regulation of all the
ant genes in stationary phase also suggests that specific regula-
tory mechanisms must exist to switch off the expression of all
four ant operons. Despite this, the 14 ant gene clusters contain
only a single conserved regulatory gene, ant4, which encodes
an orphan ECF RNA polymerase ¢ factor named o/ntA
(Figure 2). This sigma factor appears to be unique to the 14
known ant clusters in the database and they form a new sub-
family of ECF sigma factors (Figure 4). Expression of the
antF'G and antHIJKLMNO genes is completely dependent on
oAMA and over-expression of antd results in antFGHIJKLMNO
expression in differentiated cultures, suggesting it regulates
production of the starter unit, 3-aminosalicylate (Seipke and
Hutchings, unpublished results). An unknown regulator, which
is not encoded within the ant cluster, controls expression of the
antAB and antCDE operons. Despite an earlier report that the
S-form ant cluster (from Streptomyces sp. NRRL 2288) can be
heterologously expressed in S. lividans and S. coelicolor, we
have been unable to replicate this with the cloned S-form ant

Beilstein J. Org. Chem. 2013, 9, 2556—-2563.

clusters from S. albus S4 or Streptomyces sp. NRRL 2288 (a
kind gift from Professor Wen Liu). This suggests that the regu-
lator of antAB and antCDE is a transcriptional activator that is
encoded outside of the ant gene cluster and is absent from the
heterologous host strains (Seipke and Hutchings, unpublished
results).

Regulation of antibiotic gene clusters by ECF ¢ factors has only
been reported in two rare actinomycete strains and in both cases
there is a co-encoded anti-c factor, which regulates ¢ factor
activity, along with a pathway specific transcriptional activator.
In Microbispora corallina production of the lantibiotic micro-
bisporicin is regulated by the pathway-specific transcription
factor MibR and the ECF oMibX | whose activity is modulated
by its cognate anti-c factor, MibW [8]. Biosynthesis of the
lantibiotic planosporicin by Planomonospora alba is also regu-
lated by a ¢ and anti-c factor pair (PspX and PspW) whose
closest homologues are MibX and MibW, respectively, and by
the pathway-specific LuxR-family regulator, PspR [42]. There
are no anti-c factors encoded in any of the 14 ant gene clusters
and no transcriptional regulators other than cA™A (Figure 2).

AntA ;

Production of ¢ is regulated at the transcriptional level, by

—————=———__ __ |ECF123

— | ECF122

ECF 40
—  |ECF16

— | AntA

ECF 108
ECF 110

: —_—— | EcF2
k€ “—,—(‘ ——— ]
:; ———

_—

—;11] ECF 28

Figure 4: 0" comprises a new subfamily of ECF RNA polymerase o factors. cA™A amino acid sequences were aligned to amino acid sequences of
random representative of each ECF RNA polymerase o factor subfamily reported by [39] using ClustalQ [40]. The phylogenetic tree was created
using PhyML 3.0 [41] and visualised using FigTree v1.4. The relevant region of the phylogenetic tree is enhanced for visualisation and reveals that all
o”"A protein sequences cluster together and have a distinct phylogenetic lineage and represents a new ECF RNA polymerase o factor subfamily.
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an unknown transcription factor, and it appears that cAMA is

rapidly cleared from the cell once transcription of ant4 is
switched off (Seipke and Hutchings, unpublished results). One

AntA

striking feature of the 14 known o proteins is that they all

terminate in Ala—Ala, a well-known signal for the ClpXP

ANtA g6 that we

protease. Attempts to N-terminally 6xHis-tag o
could detect it using monoclonal anti-His antibodies were
unsuccessful because Hisg-6A"A does not complement the antA
mutant strain of S. albus S4, suggesting the protein is inactive.

Furthermore, polyclonal antibodies raised against purified cA™A

AntA

reacted with the purified o protein in immunoblotting

AntA i whole cell extracts,

experiments, but could not detect ¢
even from strains over-expressing antA, perhaps suggesting the
protein is very unstable. Intriguingly, a variant of the S. albus
S4 6AMA protein in which the C-terminal Ala—Ala was changed
to Asp—Asp resulted in higher levels of expression for the
antFG and antHIJKLMNO operons suggesting this may
increase the stability or activity of oAMA (Seipke and
Hutchings, unpublished results). A role for ClpXP in regulating

oAMA activity remains to be proven however.

Future perspectives: toward bioengineering
antimycins with improved pharmacological
properties

There is significant interest in bioengineering new antimycin
analogues with improved pharmacological properties for use as
antifungal therapeutics and to be used to treat cancers, along-
side traditional chemotherapy agents. Substantial progress has
been made in a relatively short time and has mostly been driven
by studies rooted in better understanding the biosynthesis of

these unusual molecules.

Initial success toward bioengineering new antimycins was
achieved by feeding modified monomer building blocks to
batch bacterial fermentations. Spiteller and colleagues showed
that by feeding fluoroanthranilates to S. ambofaciens ATCC
23877 and S. odorifer DSM 40347 cultures they could produce
5-fluoroantimycins and 4-fluoroantimycins [33] (Figure 1).
Similarly, feeding 6-fluoro-L-tryptophan to cultures of Strepto-
myces sp. NRRL 2288 resulted in the production of 5-fluoroan-
timycins [25]. Liu and coworkers analysed the bioactivity of
5-fluoroantimycins and reported they retained potent antifungal
activity against Candida albicans, but were significantly
reduced in cytotoxity in a leukemia P388 mouse cell line
compared to the parent compounds [25]. Sandy et al. recently
showed AntB can accept both acyl-CoAs and acyl-SNACs to
form the C-8 acyloxy group and generate diversity at R! in vitro
[38]. Acyl-SNAC:s are cell permeable, and the ability of AntB
to utilise these substrates provides the opportunity to perform
feeding studies using synthesised acyl-SNACs to introduce new
chemistry at R! [38].

Beilstein J. Org. Chem. 2013, 9, 2556—-2563.

The gene clusters for JBIR-06 (12-membered ring), neoan-
timycin (15-membered ring), and 18-membered ringed respi-
rantin were recently identified [43,44]. JBIR-06 and neoan-
timycin inhibit GRB78 chaperone involved in the unfolded
protein response [45,46]. Although the DNA sequence for the
gene clusters for these ring-expanded antimycins has not yet
been made publically available, they all encode the machinery
necessary to assemble the 9-membered antimycin core
suggesting a common evolutionary past [44]. The vast chem-
ical diversity in the antimycin family together with the recent
characterisations of the promiscuous biosynthetic machinery
suggest it is possible to use synthetic biology to bioengineer
non-natural analogues in large enough quantity to test their effi-
cacies in the clinic. In line with that view, generating a chem-
istry-dereplicated culture collection of antimycin-type depsipep-
tide producers to build a library of swappable biosynthetic gene
cassettes to introduce new chemical diversity should result in
rapid generation of new analogues in the antimycin family.
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Herein we present the synthesis of the anhydrophytosphingosine jaspine B and three of its stereoisomers using a carbohydrate-

derived alkoxyallene in order to obtain the products in enantiopure form. Key step of the reaction sequence is the addition of the

lithiated alkoxyallene to pentadecanal, setting the configuration at the later C-2 of the ring system. This reaction step proceeds with

moderate selectivity and therefore leads to a stereodivergent approach to the natural product and its enantiomer. The gold-catalyzed

S5-endo-cyclization affords the corresponding dihydrofurans, which after separation, azidation of the enol ether moiety and two

subsequent reduction steps give the natural product and its stereoisomers.

Introduction

Jaspine B, also known as pachastrissamine (1, Scheme 1), is an
anhydrophytosphingosine derivative, isolated 2002 from the
marine sponge Pachastrissa sp. by Higa et al. [1]. In 2003
Debitus et al. were able to extract this natural product from the
marine sponge Jaspis sp. [2]. Jaspine B (1) comprises a densely
functionalized tetrahydrofuran ring, bearing three contiguous
(28,38,45)-configured stereogenic centers with a long alkyl
chain at C-2 and a 1,2-amino alcohol moiety at C-3 and C-4.
Due to its interesting structure and biological activities, for
instance cytotoxicity and apoptosis promotion of several cancer

cell lines [3-6] the synthesis of this natural product attracted the

attention of many research groups resulting in more than 30
published syntheses up to now. Most frequently they are based
on transformations of starting materials available from the
”chiral pool”, e.g. L-serine [7-18], or by asymmetric catalysis
[19-25]. Several publications also focused on the synthesis of
stereoisomers of the natural product [4,12,16,17,19,26-28]
because these compounds also showed comparable biological
activities [4,5].

During our current studies on the synthesis of highly functional-

ized heterocycles utilizing alkoxyallenes as versatile C3-build-
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ent-jaspine B 3 (2R,3S,4 S)-diastereomer 4

Scheme 1: Structure of jaspine B 1 and its stereoisomers 2—4.

ing blocks we chose jaspine B (1) as an attractive target [29-33].
Our approach to 1 is based on the addition of a lithiated
alkoxyallene with a chiral auxiliary to pentadecanal as elec-
trophile. This step will generate the first stereogenic center and
install the Cy4-alkyl chain at the later C-2 position of the natural
product (Scheme 2). A subsequent 5-endo-cyclization of the
resulting allenyl alcohols leads to a mixture of diastereomeric
dihydrofurans, which can be separated by HPLC (only the (S)-
enantiomer is depicted). This allows the synthesis of the natural
product and its enantiomer by functionalization of both diaste-
reomers. The cis-configured amino alcohol moiety at C-3 and
C-4 is installed by azidation and subsequent reduction steps
leading to the final products. The presented strategy allows
the preparation of jaspine B, its enantiomer and two diastereo-
mers, all of which are known for their biological activities
(Scheme 2).

Results and Discussion

Synthesis of racemic jaspine B and its C-2-
epimer

Initial studies examined the feasibility of this planned approach
for the generation of the functionalized tetrahydrofuran system.
They were based on methoxyallene (5) and led to the prepara-
tion of the racemic natural product. Methoxyallene (5), which is
easily prepared in two steps from propargyl alcohol in large

scale [34], was deprotonated with n-BuLi and the generated

Beilstein J. Org. Chem. 2013, 9, 2564—-2569.

lithiated methoxyallene was subsequently treated with penta-
decanal (6). The resulting allenyl alcohol 7 was not sufficiently
stable for purification and hence was directly used for the next
cyclization step (Scheme 3). After a 5-endo-cyclization of 7
employing KO#-Bu in DMSO dihydrofuran derivative 8 was
obtained in 74% overall yield from 5. The strongly basic condi-
tions as first described by Brandsma and Arens [35] used for the
cyclization of 7 gave a higher yield than the attempted gold(I)
catalysis (39% overall yield), which might be due to the deacti-
vation of the gold catalyst by impurities still present in the
crude allenyl alcohol 7.

1. n-BuLi OMe
_/o|v|e THF, —40 °C, 20 min ~ —.
—— 2. 67, 6 N

5 THF, -78°C, 2 h 7

KOt-Bu OMe

DMSO, 60 °C, 1 h Fﬁ\@/

74% in 2 steps o o

8

Scheme 3: Synthesis of racemic dihydrofuran 8.

Next, several methods for the introduction of the amino group
were examined. We were very pleased to discover that the
oxidative azidation [36] allowed a direct access to the corres-
ponding a-azidofuranones in one step. The two diastereomers of
the azides were obtained in a 60:40 ratio. The subsequent reduc-
tion of the carbonyl group with L-selectride in THF furnished
the a-azidotetrahydrofuranols rac-9 and rac-10 in a satisfying
yield of 62% over two steps (Scheme 4). Only the two diaste-
reomers shown in Scheme 4 were isolated, whereas the two
other possible isomers could not be detected. The obtained dia-
stereoselectivity of the reduction is likely due to stereoelec-
tronic effects of the a-azido group overcoming the steric
hindrance of the slim alkyl chain. We assume that in both dia-
stereomers the azido group occupies a pseudoaxial position
shielding this face of the furanone ring and therefore steers the

Hzl\i ~‘\\OH HaN OH OR*
B + -, o .
v Zoﬁ o (o§ o
cyclization . OR addition 0 OR*
_ _— _ )J\(\%/ + ::/
N )13 H 13
HO

Scheme 2: Retrosynthetic analysis of jaspine B leading to pentadecanal and an alkoxyallene.
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OMe 1. NaN3, CAN N3 OH N::) QH
— MeCN, H,0 Z_g . .S
-25°C,25h . L),
© o™ ot
¥ 5 L-selectride 13 13
8 THF, ~78 °C, 2h rac-9 rac-10
62% in 2 steps dr. = 60:40
H,, Pd/C H,N OH HoN oH
MeOH, DCM, rt, 3 h . n S
19 . { 5."'
91% o (/)1/3 o (%/3
rac-2 rac-1
d.r. =60:40

Scheme 4: Synthesis of racemic jaspine B rac-1 and its diastereomer rac-2.

hydride attack to the other side. Similar observations have been
reported for the reduction of carbonyl compounds bearing an
electronegative group in a-position [37]. After palladium-
catalyzed hydrogenolysis of a-azidotetrahydrofuranols rac-9
and rac-10 an inseparable mixture of racemic jaspine B (rac-1)
and its C-2-epimer rac-2 was obtained. Hence the natural pro-
duct and its diastereomer were obtained in five steps with a
good overall yield of 42% with respect to aldehyde 6. This
result was very encouraging and we therefore started the prep-

aration of the enantiopure natural product and its stereoisomers.

Synthesis of enantiopure jaspine B using a

carbohydrate-derived alkoxyallene

Having established suitable conditions for the construction of
the functionalized tetrahydrofuran core we focused our atten-
tion on the synthesis of enantiopure jaspine B (1). Earlier
investigations by Goré [38] and our group already showed the
feasibility of alkoxyallenes with carbohydrate-derived chiral
auxiliaries for the synthesis of enantiopure natural products
such as preussin [39] and anisomycin [40] or in hetero
Diels—Alder reactions [41,42]. For the stereodivergent syn-
thesis of both enantiomers of jaspine B (1), we chose diacetone-
glucose-derived alkoxyallene 11, which is easily accessible on
gram scale in two steps, starting from propargyl bromide
(Scheme 5) [43]. Lithiation of 11 with n-BuLi and subsequent
addition to pentadecanal (6) in analogous fashion to the syn-
thesis of allenyl alcohol 7 led after column chromatography to a
57:43 mixture of the diastereomeric allenyl alcohols 12 and 13
in 57% yield. Base catalysis at higher temperatures, which was
successfully used for the cyclization of 7, apparently induced
partial decomposition of the auxiliary and led to only moderate
yields (46%) of dihydrofurans 14 and 15. Better yields of 14
and 15 were achieved under mild reaction conditions employing
gold(I) catalysis [44], which after purification and separation
afforded the expected products in 41% and 31% yields, respec-

tively. The dihydrofurans 14 and 15 are more stable than the
allenyl alcohols 12 and 13 and therefore allowed smooth sep-
aration by HPLC. At this point, the assignment of the absolute
configuration at C-2 of 14 and 15 was only based on the com-
parison of reactions earlier studied in our group [45]. They
could later be confirmed by comparison of the optical rotation
of the final products with values reported in the literature.

Unfortunately, the attempted functionalization of dihydrofurans
14 and 15 by oxidative azidation (see above) only led to very
low yields of the desired a-azidotetrahydrofuranones (6%). The
conditions obviously cause decomposition of the auxiliary. As
an alternative, the electrophilic bromination of 15 with NBS and
the subsequent substitution with sodium azide furnished the
desired diastereomeric a-azidotetrahydrofuranones in a ratio
comparable to that of the direct oxidative azidation of 8
(Scheme 6). Slightly higher selectivities in favor of the trans-
configured a-azidofuranone could be observed when the substi-
tution reaction was run for a shorter period. This indicates that a
(partial) epimerization at C-4 occurs under the reaction condi-
tions employed. The diastereoselective reduction of the carbon-
yl group with L-selectride afforded the a-azidotetrahydrofura-
nones 9 and 10 in 66% yield over three steps. Subsequent hy-
drogenolysis of 9 and 10 afforded a mixture of jaspine B (1) and
its (25,3R,4R)-diastereomer 2 in 91% yield.

Unfortunately, none of the diastereomeric mixtures obtained in
all steps depicted in Scheme 6 were easily separable by HPLC,
either due to the instability of the obtained compounds or the
similar Ry values of the tetrahydrofuranol pairs 9/10 and 1/2. In
order to solve this problem and to obtain pure stereoisomers, the
a-azidotetrahydrofuranols 9/10 were treated with benzyl chloro-
formate and converted into carbonates 16 and 17. This protec-
tion allowed the smooth separation of the diastereomers by

simple flash chromatography, probably due to an enhanced
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14 15
41% 31%
Scheme 5: Synthesis of dihydrofurans 14 and 15.
#—O 1.NBS
o THF, MeCN, H,O
¢ -30to-15°C,2h
A 2. NaN3, (Oct);MeNI N OH Ny OH
o) 0 DCM, H,0O, rt, 18 h + / \
{—g o 3. L-selectride o” Y o~ Y
o (,a/ THF, =78 °C, 2 h 13 13
13 66% in 3 steps 9 10
d.r. =60:40
15
H,, Pd/C HoN OH HN  OH
MeOH, DCM, rt, 3 h N O
91% o (,/)73 o "'H%
2 1
d.r. =60:40

Scheme 6: Synthesis of jaspine B (1) and its (2S,3R,4R)-diastereomer 2.

difference of dipole moments and hence Ry values of the two
isomers (Scheme 7).

Final hydrogenolysis of the separated diastereomers 16 and 17
led to deprotection of the hydroxy group and simultaneous
reduction of the azido group. Jaspine B (1) and its (25,3R,4R)-
diastereomer 2 were each obtained in quantitative yield showing

the expected optical rotations (Scheme 8).

Analogously to the reaction sequence leading to 1 and 2, the
synthesis of ent-jaspine B (3) and the (2R,3S,4S5)-diastereomer 4
was also achieved in similar yields employing (2R)-configured
dihydrofuran 14 as starting material (Scheme 9).

Conclusion
We developed a stereodivergent synthesis of enantiopure

jaspine B and three of its stereoisomers. Important knowledge
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Ny OH Ny OH NaH, CbzCl, DMAP, BugNI Ns  OCbz Ny oCbz
7\—/< . T DCM, 0°Ctort, 18 h 7\—/< . T
oY, o”"t-);,  flash chromatography o” Y, 0" T,
9 10 16 17
d.r. = 60:40 53% 40%

Scheme 7: Protection and separation of the diastereomers.

N3 OCbz HN - OH
H,, Pd/C
( ) DCM, MeOH, rt, 6 h [ )
o (ﬁS quant_ 0 (ﬂS
17 1
N3 OCbz HoN OH
z_g H,, Pd/C
DCM, MeOH, rt, 6 h
© H:3 quant. © H:?*
16 2

Scheme 8: Reduction of the separated diastereomers leading to
jaspine B (1) and its diastereomer 2.

Kle)

HoN

OH HN,  OH
O)< 0o 13 0 13

3 4

5
Gher
14

Scheme 9: Route to ent-jaspine B (3) and the (2R,3S,4S)-diastereo-
mer 4.

could also be gained during the preparation of the racemic com-
pounds. The carbohydrate-derived alkoxyallene 11 proved to be
useful as a chiral C3-building block and allowed the synthesis of
both enantiomers of the natural product in a fairly short manner
(seven steps starting from the allene). The 5-endo-cyclization of
allenyl alcohols 12 and 13 by gold catalysis afforded a sepa-
rable mixture of diastereomeric dihydrofurans 14 and 15 in
good yield. Subsequent functionalization using oxidative azida-
tion, as shown for methoxy-substituted dihydrofuran 8, did not
give the expected a-azidotetrahydrofuranones in acceptable
yields, but electrophilic bromination and subsequent substitu-
tion with sodium azide turned out to be a good alternative for
the synthesis of the desired intermediates. Difficulties of the
separation of the diastereomeric tetrahydrofuranols were
successfully overcome by protection of the C-3 hydroxy group
as carbonate, which enabled an easy chromatographic sep-
aration of the diastereomers and a global deprotection/reduc-

tion leading to pure stereoisomers 1 and 2. Although the crucial
steps of our approach to jaspine B are not sterecoselective we
found a simple access to the natural product and three of its
stereoisomers, demonstrating again the usefulness of intermedi-
ates obtained from alkoxyallenes as C3-building block [46-50].
Employing other aldehydes instead of pentadecanal our
straightforward route should also allow the synthesis of
analogues of jaspine B.

Supporting Information

Experimental details and NMR spectra of all new products
and the final compounds are available in the Supporting
information.

Supporting Information File 1

Experimental procedures and analytical data and NMR
spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-291-S1.pdf]
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The myxobacterial strain Stigmatella aurantiaca MY X-030 was selected as promising source for the discovery of new biologically

active natural products by our screening methodology. The isolation, structure elucidation and initial biological evaluation of the

myxocoumarins derived from this strain are described in this work. These compounds comprise an unusual structural framework

and exhibit remarkable antifungal properties.

Introduction

Despite declining interest of most big R&D-driven chemical
companies in recent years, natural products continue to serve as
one of the most important sources of new bioactive chemical
entities, both in the pharmaceutical [1-4] as well as in the agro-
chemical industry [5-8]. A particularly rich source of intriguing
secondary metabolites with interesting biological properties are
the myxobacteria [9-12]. These organisms are especially
talented in assembling PKS-, NRPS- and PKS/NRPS-hybrid
products, often incorporating unusual biochemistry in the
respective biosynthetic pathways [13-15]. The most well-known
myxobacterial natural products are the epothilones (e.g.

epothilones A (1), Figure 1), microtubule-stabilizing macrolac-
tones that are clinically used in cancer therapy [16-20].

But also from an agrochemical point of view, myxobacteria
have already furnished a large set of promising lead structures,
in particular in the context of antifungal compounds with
around 50% of myxobacteria-derived natural products exhibit-
ing such properties [10]. This activity of myxobacterial metabo-
lites results from diverse modes of action, such as inhibition of
DNA replication, transcription and translation, as well as inter-

ference with cell membrane stability [21]. Inhibition of acetyl-
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Figure 1: Structures of epothilone A (1), soraphen A1 (2), pyrrolnitrin (3), fenpiclonil (4), myxothiazol A (5), and aurachin A (6).

CoA carboxylase is exerted by soraphen A, (2), which has
been shown to be a potent and broad spectrum fungicide
[22,23]. The most dominant target of myxobacterial antifungal
agents, however, is the mitochondrial respiratory chain [21].
The compounds thereby either target complex I (NADH dehy-
drogenase) of the electron transport chain, as for example
pyrrolnitrin (3) [24,25], which is in use for the treatment of
fungal skin infections [26] and served as a lead structure for the
development of the agrochemical agents fenpiclonil (4) and
fludioxonil [27], or complex III (cytochrome bc;), as for
example myxothiazol A (5) [28,29]. Compounds of the same
structural family can also target different target complexes
simultaneously, as for example in the case of aurachins (e.g.
aurachin A (6), Figure 1) [30-32]. Due to the remarkably high
percentage of antifungal myxobacterial natural products, we
investigated the potential of new myxobacterial isolates towards
the production of novel, agrochemically relevant antifungal lead
structures. The results obtained with strain Stigmatella
aurantiaca MYX-030 are described herein.

Results and Discussion

The myxobacterial strain Stigmatella aurantiaca MY X-030 has
been selected as interesting producer of bioactive natural prod-
ucts by our standardized hit follow-up process. Initial dereplica-
tion of known compounds was performed by using
HPLC-UV-MS [33] combined with Peak—Activity—Correla-
tion (PAC) data. Taken together these results indicated the pres-
ence of the known antifungal myxobacterial compound
myxothiazole A (5), as well as the aurachins A (6) and C in the
extract. In addition to these metabolites, a series of non-polar
compounds exhibiting strong antifungal activity was detected.
Comparison of UV and molecular mass data of these secondary

metabolites with an in-house compound library resulted in no

hits, thus prompting us to their isolation and structural elucida-
tion.

The UV spectrum of 7 revealed maxima at 218 and 286 nm,
strongly suggesting the presence of an aromatic system within
the structure. Negative mode ESIMS analysis of the most abun-
dant congener 7 of this set of natural products showed strong
signals at 378.2 ([M — H]") and 757.4 ([2M — H]") as well as a
positive ESIMS signal at 362.2 ([M — H,0 + H]*). High resolu-
tion positive mode ESI-TOF mass analysis resulted in a molec-
ular mass of 380.2097 u, which best fits a calculated molecular
formula of C5oH39NOg for the [M + H]" ion of 7, thus indi-
cating 7 degrees of unsaturation. The calculated number of
carbon atoms was further substantiated by the 20 resolved
signals observed in the compound’s 13C NMR spectrum
(Table 1). These signals were assigned to three methyl groups
(14.0, 16.5, and 21.2 ppm), eight methylene units (22.6, 23.4,
29.2,29.3,29.4,29.8, 31.8, and 38.3 ppm), a quaternary carbon
at 46.5 ppm, a heteroatom-substituted quaternary carbon — most
likely a tertiary alcohol — at 79.1 ppm, an ester-type function-
ality at 172.5 ppm, and six sp2-hybridized carbon atoms as part
of an highly heteroatom-substituted aromatic system (103.2,
108.0, 118.6, 148.3, 149.2, and 157.8 ppm). The presence of the
latter moiety was further corroborated by the 'H NMR spectral
data: two doublets with chemical shifts at 7.43 and 7.35 ppm
and a coupling constant of 2 Hz clearly evidenced a highly
substituted aromatic ring system bearing two protons in meta-

position to each other.

The proton signals at 7.43 and 7.35 ppm correlated in an HSQC
experiment with the 13C NMR signals at 108.0 and 103.2 ppm,
respectively. The structural organization of the aromatic system

was further investigated by HMBC spectroscopy. The proton at
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Table 1: NMR data of compound 7 at 500 ("H) and 150 ('3C) MHz.

Position 5, type? By (Jin Hz)P HMBCP
1
2 172.5,C
3 46.5,C
4 79.1,C
4 118.6, C
5 157.8,C
6 108.0,CH  7.43,d(2)  4.5,7,8
7 148.3, C
8 103.2,CH  7.35,d (2) 4,78
8 149.2,C
9 38.3, CHy 1.56, td 3,4,4,10,
1.99, td 11
3,4,4,10,
11
10 23.4, CHy 1.49, m
1.08, m
1 29.2*, CHy 1.14-1.30, m
12 29.3*, CHy 1.14-1.30, m
13 29.4*, CH, 1.14-1.30, m
14 29.8*, CH, 1.14-1.30, m
15 31.8, CHy 1.14-1.30, m
16 22.6, CHy 1.14-1.30, m
17 14.0,CH;  0.86,t(7) 15,16
18 16.5, CH3 1.33,s 2,3,4,19
19 21.2, CH3 1.18, s 2,3,4,18

aRecorded in CDCl3 containing a drop of CD30D; P'H, HSQC and
HMBC data recorded in CD30D. *Signal assignment interchangeable.

7.43 ppm showed strong correlations with two of the
heteroatom-substituted carbons at 157.8 and 148.3 ppm, the
putatively alkyl substituted position at 118.6 ppm, as well as the
C atom at 103.2 ppm. The proton at 7.35 ppm, in turn, corre-
lated with the C atoms at 149.2, 148.3, and 118.6 ppm, leading
to overall structural fragment I (F-I) shown in Figure 2. In addi-

X
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tion to the aromatic protons, three methyl signals were observed
in the 'H NMR spectra: a triplet at 0.86 ppm (3J = 7 Hz),
suggesting a methyl group directly attached to a CH,-unit, as
well as two singlets at 1.18 and 1.33 ppm. Furthermore, a pair
of diastereomeric protons at 1.56 and 1.99 (higher order multi-
plets with a triplet of doublets structure) and a set of diastere-
omeric protons at 1.08 and 1.49 ppm (m) were observed. The
signals of the other six methylene units formed a multiplet at
1.14-1.30 ppm, indicating the presence of a linear alkyl chain in
the molecule. This is corroborated by the HSQC correlations to
the C atoms at 29 ppm, as well as 22.6 and 31.8 ppm. In the
HMBC data, strong correlations of the isolated methyl groups to
each other, to the putative ester functionality, the quaternary
carbon at 46.5 ppm, and the tertiary alcohol carbon at 79.1 ppm
led to the assembly of structural fragment II (F-II, Figure 2).
Further substitution of the latter was obvious from HMBC cross
peaks of the diastereotopic CH; group (1.56 and 1.99 ppm) to
the latter position (79.1 ppm) and to the carbon bearing the two
methyl groups (46.5 ppm), as well as to the aromatic carbon at
118.6 ppm. In addition, this methylene unit exhibited correla-
tions with two further CH, groups of the linear alkyl chain. This
side chain turned out to consist of 8 neighboring CH; units with
the methyl functionality at 0.86 ppm as the end group, as
evident from HMBC correlations of the latter to the final two
methylene units of this chain (F-11I, Figure 2). Taken together,
this information allowed the assembly of all aforementioned
structural fragments to give a draft structure 8. Given the chem-
ical shifts of the carbonyl C-2 (172.5 ppm) and of carbon C-8’
(149.2 ppm), the presence of a lactone moiety can be deduced.
The resulting overall structure still lacks three oxygens, a
hydrogen, and a nitrogen atom combined with one degree of
unsaturation when compared to the calculated molecular
formula of 7. Consequently, the substituents at C-5 and C-7 can
be identified as an OH and a nitro function, respectively, as also
indicated by the chemical shifts of C-5 (157.8 ppm) and C-7
(148.3 ppm). This results in the final overall structure 7 of this

Figure 2: HMBC interactions used for the structure elucidation of myxocoumarin A (7).
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natural product. To unambiguously prove the substitution
pattern at the aromatic ring system, the phenolic OH-group was
selectively methylated using diazomethane. The resulting
methyl ether was irradiated in a 1D NOE experiment, which
resulted in the expected strong increase of the proton bound to
C-6. This observation thus firmly validated that the methyl ether
had to be situated at C-5, as its alternative location at C-7 would
have led to a strong increase in signal intensity of the protons
bound to both, C-6 and C-7.

Owing to its coumarin core structure and its biological origin,
compound 7 was named myxocoumarin A (7). Besides 7, a
second metabolite 9 with a highly similar NMR spectrum was
isolated. ESIMS analysis of 9 showed a molecular ion peak at
346.2 ([M — H]", negative mode) and 348.2 ([M + H]*, posi-
tive mode), consistent with a formal loss of MeOH when
compared to the molecular mass of myxocoumarin A (7). In ad-
dition, no loss of water was observable in the MS data,
suggesting the hydroxy function at C-4 in 7 not to be present in
9. Comparison of the 'H NMR spectra of 7 and 9 furthermore
revealed the missing signals of the methyl groups 18 and 19 of
7 in the spectrum of 9, along with a new singlet at 2.20 ppm
integrating for three protons. In conclusion, this lead to the
proposed structure of myxocoumarin B (9) as shown in
Figure 3, which was unambiguously verified by in-depth
analysis of chemical shifts in comparison with literature data

(see Supporting Information File 1).

Figure 3: Chemical structure of myxocoumarin B (9).

Unfortunately, the amount of 7 isolated from the initial fermen-
tation broth was not sufficient for stereochemical investigations,
nor did the obtained amount of 9 suffice to obtain high quality
13C NMR data. Attempts to produce more crude material were
not successful, as cryo cultures of the producing strain failed to
be transformed into actively growing cultures again.

Coumarins in general constitute a large group of bioactive
natural products, mostly isolated from plants. Most of these
plant-derived compounds are polyphenols that are often further
modified by most diverse functionalization reactions, such as
O-methylation, glycosylation, prenylation, oxygenation and
subsequent cyclization or dimerization events [34]. Nitrogen-

bearing congeners are rather scarce, with the bacterial

Beilstein J. Org. Chem. 2013, 9, 2579-2585.

aminocoumarins, such as the gyrase inhibitor novobiocin, being
the most well-known examples [35]. Despite the larger number
of existing coumarin structures in literature, the 5-hydroxy-7-
nitro substitution pattern combined with the unusual long-chain,
fully saturated alkyl substituent at C-4 are unique to the
myxcoumarins 7 and 9.

With the production of myxothiazol A (5) and aurachin A (6),
the investigated strain Stigmatella aurantiaca MYX-030 resem-
bles the secondary metabolite profile of previously chemically
investigted S. aurantiaca and S. erecta strains. Interestingly,
both, S. aurantiaca Sg al5 and S. erecta Pd €21, were reported
to produce 5-nitroresorcinol (13) [36]. The biosynthesis of 13
was investigated in S. erecta Pd e21 using isotope-labeling
experiments that revealed its precursor molecules to be glucose-
derived erythrose-4-phosphate (10) and phosphoenol-pyruvate
(11, Scheme 1). Due to the observed scrambling of the expected
labeling pattern in 13, its biosynthesis has to proceed via a
symmetrical intermediate, putatively phloroglucinol (12) [36].
Nitrophenol 13 likely constitutes a direct biosynthetic precursor
of the myxocoumarins. Upon O-acetylation of 13 with the long-
chain B-keto acid building block 14, putatively recruited from
fatty-acid biosynthesis, the intermediate ester 15 could undergo
C—C bond formation by nucleophilic attack of the aromatic
system to the side-chain keto functionality, comparable to the
first step of a Pechman condensation reaction. This would
already furnish mycoxoumarin A (7, R? = Me), with myxo-
coumarin B (9, for R2 = H) being formed after additional loss of
H50. In order to identify further myxocoumarin producing
strains, chemical screenings of the secondary metabolite
profiles of S. aurantiaca Sg al5 and S. erecta Pd e21 using the
fermentation conditions identified for S. aurantiaca MY X-030

might thus be worthwhile.

To verify the initially measured antifungal activity from the
PAC, myxocoumarin A (7) was subjected to leaf disk assays
against a series of agriculturally relevant pathogenic fungi. The
compound revealed interesting antifungal activities with
complete inhibition of agronomically important pathogens such
as Botrytis cinerea at 200 mg/L as well as Magnaporthe grisea
and Phaeosphaeria nodorum at 67 mg/L. Partial effects were
found against Blumeria graminis (67 mg/L). The compound
was, however, inactive against Drechslera teres and Phytoph-
thora infestans. These findings indicate a broad range anti-
fungal activity of 7, comparable to commercial standard fungi-
cides, although on a somewhat lower activity level. To further
substantiate these results, liquid culture assays against a set of
fungal pathogens were performed, showing strong intrinsic anti-
fungal activities against M. grisea (100% inhibition at
0.7 mg/L) as well as B. cinerea, Fusarium culmorum, and P.

nodorum (all at 2 mg/L), with no activity against Pythium
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Scheme 1: Postulated biosynthetic pathway to myxocoumarins A (7) and B (9).

ultimum and Rhizoctonia solani. So far, no insecticidal and
herbicidal activities have been observed. Due to the problems
arising from the lacking culturability of the producing strain S.
aurantiaca, further tests with 7 were so far not possible. Struc-
ture—activity relationship (SAR) studies on synthetic myxo-
coumarin derivatives as well as in-depth investigation of their
antibacterial potential are currently performed in our laboratory
and will be reported in due course.

Experimental

Cultivation and extraction. The preculture of S. aurantiaca
MYX-030, inoculated directly from a single culture of an agar
plate, was incubated by shaking (150 rpm) at 30 °C for 7 days
in a 500 mL shake flask without baffle containing 80 mL of
medium MIX-5 (composition: 2 g glucose, 5 g potato starch,
2 g peptone, 0.5 g MgSQy, 0.5 g CaCl,, 10 g HEPES for 1 L
H,0, pH 7.4). For production of myxocoumarins, 3 x 200 mL
production cultures in 500 mL flasks without baffle were inocu-
lated with 20 mL of the preculture. Production was carried out
by shaking (150 rpm) at 30 °C for 10 days in MIX-1 media
(composition: 5 g casitone, 2 g starch, 2 g MgSQy, 0.5 g CaCly,
1 mL mineral solution (consisting of 0.1 g H3BO3, 5 g
FeSO47H,0, 0.05 g KI, 2 g CoCl,'6H,0, 0.2 g CuSO4 5H,0,
2 g MnCl,4H;0, 4 g ZnSO4 7H,0, 1 g 95% H,SO4 for 1 L
solution), 10 mL vitamin solution (consisting of 10 mg folic
acid, 6 mg biotin, 0.2 g p-aminobenzoic acid, 1 g thiamin-HCI,
1.2 g panthothenic acid, 1 g riboflavin, 2.3 g nicotinic acid,
1.2 g pyridoxine-HCI, 0.1 g vitamin B12 for 1 L solution) for
1 L H,O, pH 7.4) supplemented with 10% XAD-16 for
continued product absorption during fermentation. Cells and

XAD-16 were separated from the culture broth by filtration and
subsequently extracted using methanol and acetone.

Isolation of mycoxoumarins A (7) and B (9). The crude ma-
terial obtained by extraction of bacterial cells and XAD
(341 mg) was subjected to chromatography on Sephadex LH-20
(3 x 69 cm column, flow: 1.6 mL/min) using methanol as the
eluent. The myxocoumarin containing fraction (12.1 mg) was
purified by reversed-phase preparative HPLC (Bischoff
Kromasil 100 C-18, 10 um, 2 cm diameter, 20 cm length) using
H,O + 0.1% TFA (solvent A) and acetonitrile (ACN) + 0.1%
TFA (solvent B) as the eluents at a flow rate of 10 mL/min
using the following linear gradient: 0 min 80% A, 2 min 80%
A, 20 min 50% A, 25 min 20% A. Myxocoumarin A (7) was
collected at a retention time of 12.5 min and myxocoumarin B
(9) at 14.7 min to give 1.9 mg and 0.5 mg pure material, res-
pectively.

Myxocoumarin A (7): pale yellow solid, [a]p 2° —6.3 (¢ 0.2,
methanol); 'H and 13C NMR data, see Table 1; UV (H,0
(64%)/ACN (36%) + 0.1% TFA, online) Apay, nm: 218, 286,
340 (sh); ESIMS(-) m/z: 57.4 [2M — H]", 378.2 [M — H];
ESIMS(+) m/z 362.2 [M — H,0 + H]*; HRMS-ESI(+) m/z:
[M + H]* calced. for CooH3gNOg, 380.207; found, 380.2097
(calculated for).

Myxocoumarin B (9): pale yellow solid, "H NMR (500 MHz,
CD30D) 8y 7.55 (d, J =2 Hz, 1H, H-6), 7.51 (d, /=2 Hz, 1H,
H-8), 3.18 (m, 2H, H-9), 2.20 (s, 3H, H-18), 1.62 (m, 2H,
H-10), 1.49 (m, 2H, H-11), 1.42-1.26 (m, 10H, H-12, H-13,
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H-14, H-15, H-16), 0.90 (t, J = 7 Hz, 3H, H-17); UV (H,0
(61%)/ACN (39%) + 0.1% TFA, online) Apay, nm: 233, 260,
332 (sh); ESIMS(-) m/z: 693.3 [2M — H]~, 346.2 [M — H];
ESIMS(+) m/z: 348.2 [M + H]*.

Biological testing. Cut leaf disks (15 mm?2) of the respective
host plants (see below) were placed on water agar in multi-well
plates (24-well format) and sprayed with 12 pL aqueous test
solution of varying concentrations (dose range 22-200 mg/L)
using automated microspray technology. After drying, the leaf
disks were inoculated with a spore suspension of the respective
pathogenic fungus (see below). The activity of myxocoumarin
A (7) was assessed 4—6 days after inoculation as percent
preventive antifungal activity as compared to the non-treated
controls. The following host/pathogen combinations were used:
Phytophthora infestans (Mont) de Bary (late blight) on tomato;
Botrytis cinerea Pers.: Fr. (gray mould) on bean; Blumeria
graminis f.sp. hordei (DC.) Speer (powdery mildew) on barley;
Drechslera teres (Sacc.) Shoemaker (net blotch) on barley;
Phaeosphaeria nodorum (E. Miill.) Hedjar. (glume blotch) on
wheat; Magnaporthe grisea (T.T. Hebert) M.E. Barr(rice blast)

on rice.

The intrinsic antifungal activity of the compounds was tested in
liquid culture assays. Mycelial fragments prepared from a fresh
liquid culture (Pythium ultimum Trow; Rhizoctonia solani
Kiihn) or conidia of the fungus from cryogenic storage (B.
cinerea; P. nodorum; P. grisea; Fusarium culmorum (Wm. G.
Sm.) Sacc.) were directly mixed into PDB potato dextrose
broth. 10 pL test solution in DMSO (2%) of different concen-
tration of 7 was placed into microtiter plates (96-well format)
and the nutrient broth (90 pL) containing the fungal cells was
added. The test plates were incubated at 24 °C and percent inhi-
bition of fungal growth was determined photometrically after
48 h (P. ultimum; F. culmorum; R. solani) or 72 h (B. cinerea;
P. nodorum; P. grisea) in relation to the non-treated control.

Supporting Information

Supporting Information File 1

NMR and MS spectra of myxocoumarin A (7) and B (9).
In-depth discussion and analysis of chemical shifts for the
verification of the structure of 9.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-293-S1.pdf]
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Since its introduction to the synthetic community in 1984, Garner’s aldehyde has gained substantial attention as a chiral

intermediate for the synthesis of numerous amino alcohol derivatives. This review presents some of the most successful carbon

chain elongation reactions, namely carbonyl alkylations and olefinations. The literature is reviewed with particular attention on

understanding how to avoid the deleterious epimerization of the existing stereocenter in Garner’s aldehyde.

Introduction

“The universe is a dissymmetrical whole. I am inclined to think
that life, as manifested to us, must be a function of the dissym-
metry of the universe and of the consequences it produces. The
universe is dissymmetrical; for, if the whole of the bodies which
compose the solar system were placed before a glass moving
with their individual movements, the image in the glass could
not be superimposed on reality. Even the movement of solar life
is dissymmetrical. A luminous ray never strikes in a straight
line the leaf where vegetable life creates organic matter [...]

Life is dominated by dissymmetrical actions. I can even foresee

that all living species are primordially, in their structure, in

their external forms, functions of cosmic dissymmetry.” [1]

- Louis Pasteur

These visionary words were written over 100 years ago by
Louis Pasteur. Little did he know how great of a challenge
underlies these words. Natural products, secondary metabolites
produced by living organisms, have their own distinct struc-

tures. Some of them have the same chemical structure, but
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differ from each other only by being mirror images (e.g.,
(R)(+)/(S)(—)-limonene and (S)(+)/(R)(-)-carvone, Figure 1).
This sounds like an insignificant difference, but in reality enan-
tiomers can have a totally different, even contradictory, effect
on living organisms. As an example, (R)-limonene smells of
oranges, whereas the (S)-enantiomer has a turpentine-like (with
a lemon note) odor. The difference in physiological effects of
enantiomers is of utmost importance especially for the pharma-
ceutical industry, but increasingly also in agrochemicals [2,3]
and even in materials sciences, as evidenced by the introduc-
tion of chiral organic light emitting diodes [4,5]. In certain
cases, one enantiomer may be harmful. This was the case, for
example, with the drug thalidomide (Figure 1), the (R)-enan-
tiomer of which was sold to pregnant women as a sedative and
antiemetic in the 1960s. The (S)-enantiomer turned out to be
teratogenic.

limonene

turpentine-like odor orange odor

carvone

R 0 4J%$ 0
L

spearmint odor caraway

thalidomide
0] 0]
N,R NS
FI II
0~ "N” ~O 0~ "N” SO
H H

sedative, hypnotic teratogenic

Figure 1: Structures of limonene, carvone and thalidomide.

The crucial role of chirality presents a great challenge for syn-
thetic chemists. Asymmetric synthetic methods have emerged
and after the development of ample analytical methods over the
last few decades, asymmetric synthesis has seen an exponential
growth. This has allowed us to tackle even more challenging
targets like palytoxin [6-8], vinblastine [9-14], and paclitaxel
[15-23]. The field is still far from being mature, and there
remains a huge demand for more advanced methods for the

introduction of chirality to substrates.

Beilstein J. Org. Chem. 2013, 9, 2641-2659.

This review presents a general overview of the synthesis and
use of Garner’s aldehyde in natural product synthesis. Particu-
lar attention will be paid on the preservation of chiral informa-
tion in the addition reaction of nucleophiles to the aldehyde.
Models are presented for understanding the factors affecting the
stability of the stereocenters, as well as those affecting dia-
stereoselectivity in the generation of the new stereocenter.

Review

Philip Garner was the first to report a synthesis for 1,1-
dimethylethyl 4-formyl-2,2-dimethyloxazolidine-3-carboxylate
(1, Figure 2), today better known as Garner’s aldehyde [24,25].
This configurationally stable aldehyde has shown its power as a
chiral building block in the synthesis of various natural prod-
ucts as well as their synthetic intermediates. It is one of the
most cited chiral building blocks in recent times and has been
used in over 600 publications.

CHO CHO
g Y
N\ N\
Boc Boc
(S)1 (R)1

Figure 2: Structure of Garner’s aldehyde.

Synthesis of Garner’s aldehyde

Garner’s aldehyde (1) has been widely used as an intermediate
in multistep synthesis. Thus the synthesis of 1 has to meet some
essential requirements: 1) easy and large scale preparation and
2) configurational and chemical stability of all intermediates.

In his original paper, Garner first protected the amino group
with Boc anhydride in dioxane, then esterified the carboxylic
acid with iodomethane under basic conditions in dimethyl-
formamide (DMF) and finally formed the dimethyloxazolidine
ring of 4 with catalytic p-toluenesulfonic acid and 2,2-
dimethoxypropane (DMP) in refluxing benzene (Scheme 1)
[24,25]. Reduction of the methyl ester 4 to aldehyde 1 was
performed with DIBAL-H (175 mol %) at =78 °C. Garner later
reported that they had detected some epimerization of the chiral
center (5-7% loss of ee down to 93-95% ee) [26]. Another
drawback of this route is the use of the toxic and carcinogenic
iodomethane in the esterification reaction.

Since the first synthesis of aldehyde (S)-1 by Garner there have
been many modifications and improvements to the synthesis of
the enantiomers ((R)-1 and (S)-1). Modifications to the original
synthesis have focused either on the reaction sequence (esterifi-
cation first and then Boc protection) or on the reduction to alde-

hyde. Other groups have tried to improve the synthesis of the
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93-95% ee

Scheme 1: (a) i) Boc,0, 1.0 N NaOH (pH >10), dioxane, +5 °C — rt; ii) Mel, K,CO3, DMF, 0 °C — rt (86% over two steps); (b) MeoC(OMe)s, cat.
p-TsOH, benzene, reflux (70-89%); (c) 1.5 M DIBAL-H, toluene, =78 °C (76%).

aldehyde. McKillop et al. found that the esterification reaction
is performed best first with 235 mol % of HCI (formed in situ
from the reaction of AcCl with MeOH) in MeOH [27]. The
serine methyl ester hydrochloride salt was then protected with
Boc anhydride. The N,0-acetal was formed using BF3-Et,O and
DMP in acetone (Scheme 2). For the reduction they followed
Garner’s procedure. This method allows an easy access to the
fully protected methyl ester 4, but the problem of chiral degrad-
ation could not be solved (reported rotation —89 vs —91.7 in

[26]).

COzMe b

HO

NHCI
5

Scheme 2: (a) AcCl, MeOH, 0 °C — reflux (99%); (b) i) (Boc)20, Et3N,
THF, 0 °C — rt — 50 °C (89%); ii) Me,C(OMe),, BF3-Et,0, acetone, rt
(91%).

Dondoni adopted McKillop’s procedure for the preparation of 4
[28]. In order to reduce the loss of enantiopurity, they decided
to follow Roush’s protocol [29] for the preparation of the alde-
hyde, i.e. reduction of 4 to alcohol 6 and oxidation of this
alcohol to (S5)-1. Moffatt—Swern oxidation provided the final
aldehyde (S)-1 from the primary alcohol 6. In the standard
Swern procedure the transformation of the activated alcohol
intermediate to the final carbonyl compound (i.e. cleaving off
the proton) is done by the addition of Et3N at cold temperatures
(=78 to =60 °C). According to Roush, the use of triethylamine
for this transformation led to partial racemization of 1 (85% ee).
Dondoni noticed that changing the base to the bulkier base N,N-
diisopropylethylamine (Hiinig’s base, DIPEA) inhibits the

’ O/\rcogH

NH»

a
HO/\rCOQMe
HN,
Bo

c
2 3

epimerization (Scheme 3) [28]. With DIPEA as the base they
could isolate the aldehyde (S)-1 with an enantiopurity of
96-98% ee. The drawback of this route is an additional reac-
tion step, the “overreduction” of the ester 4 to alcohol 6 and the

necessary re-oxidation to aldehyde 1.

CHO
o
%/ "Boc
(S)-1

96-98% ee

a b
4 O/T\OH
ﬁ/ "Boc

6

Scheme 3: (a) LiAlH4, THF, 1t (93-96%); (b) (COCI),, DMSO, iProNEt,
CH,Clyp, =78 °C — ~55 °C (99%).

As a conclusion of the above results we see that reversing the
order of the two first reaction steps has a significant effect on
the overall yield (from Garner’s 86% to Dondoni’s 94-98%).
Less racemization can be observed with the reduction—oxi-
dation sequence. Of course, other methods for the reduction can
be used. The ester can be reduced to alcohol 6 (e.g., with
NaBHy/LiCl) and then oxidized to 1 with non-basic methods
(e.g., IBX/DMP [30] or TEMPO/NaOCI [31] to name a few),

which will not epimerize the a-center.

For our synthesis of 1, we adopted a slightly modified sequence
[32]. L-Serine (2) is first esterified under traditional Fischer
conditions (Scheme 4). The hydrochloride 5 is N-protected
using (Boc),0. The acetonide is then introduced under mild
Lewis acidic conditions to give the desired fully protected
serine ester 4. This is reduced to the aldehyde 1 with DIBAL-H,
while keeping the reaction temperature below —75 °C. This

CHO
i
Boc
(S)-1

97% ee

CO,Me C
o T T —
N\
Boc

4

Scheme 4: The Koskinen procedure for the preparation of Garner’s aldehyde. (a) i) AcCl, MeOH, 0 °C — 50 °C (99%); ii) (Boc)20, EtsN, CH,Cly,
0 °C — rt (95-99%); (b) Me2C(OMe),, BF3-EtoO, CHCly, rt (86%, after high vacuum distillation); (c) DIBAL-H, toluene, -84 °C (EtOAc/N; bath)

(82—84%, after high vacuum distillation).
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allowed us to isolate the aldehyde (S)-1 in 97% ee. This reac-
tion sequence was performed in more than 1.0 mol scale
starting from L-serine and the reduction to Garner’s aldehyde
was performed on a 0.5 mol scale. DIBAL-H is an efficient
reducing agent, but at times causes problems during work-up,
especially in larger scale reactions. We, among others, have
observed the gelatinous aluminium salts after the addition of an
aqueous solution. Due to the formation of insoluble gel-like
aluminium salts, the extraction procedure gets more chal-
lenging and sometimes a small portion of the substrate remains
with the aluminium salts. Another drawback of DIBAL-H is the
overreduction to alcohol 6. When only small amounts of the
overreduced alcohol are present, one high vacuum distillation is
enough to purify the crude aldehyde. When present in amounts
greater than 10%, two high vacuum distillations are required.
Pure aldehyde 1 crystallizes in the freezer and forms semi-trans-
parent white crystals.

Our procedure provides Garner’s aldehyde (S)-1 in a 66-71%
overall yield. The original Garner procedure provides (S)-1 in
46-58% and Dondoni’s in 75-85% yield. Dondoni did neither
purify his intermediates (from 2 to (S)-1) nor the final product.
They just reported that all of the products are >95% pure based
on NMR analysis.

2% Rh(CO),acac
2.5% (R,R,S)-BDP —/\
o}

(R)-1
140 psi H,/CO,
55 °C, THF

regioselectivity 13:1

XN\BOC

Beilstein J. Org. Chem. 2013, 9, 2641-2659.

A very recent approach to the synthesis of Garner’s aldehyde
was published by Burke and Clemens [33]. They reported that 1
could be synthesized by asymmetric formylation reaction from
Funk’s achiral alkene (Scheme 5) [34]. The formylation reac-
tion provided (R)-1 and (S)-1 in acceptable yields (71% and
70%, respectively) and excellent enantioselectivities (94% ee
and 97% ee, respectively). However, this synthesis suffers from
many drawbacks. Firstly, the synthesis of the Funk’s alkene
commences from DL-serine and is a multistep sequence
requiring Pb(OAc)4. DL-Serine costs 524 €/kg (Aldrich, June
2013 price) compared to L-serine’s 818 €/kg (Aldrich, June
2013). Secondly, both the formylation catalyst and bis(diaza-
phospholane) ligand are expensive and have to be used in large
amounts. Thirdly, the formylation reaction was performed only
in a 5 mmol scale and was not optimized for large scale syn-

thesis.

Asymmetric induction with Garner’s aldehyde
Nucleophilic addition to Garner’s aldehyde gives an easy access
to 2-amino-1,3-dihydroxypropyl substructures. This structural
motif can be found in many natural products, such as
iminosugars (7 and 9), peptide antibiotics (8), sphingosines and
their derivatives (10 and 11, Figure 3). These naturally occur-
ring polyhydroxylated compounds have attracted increasing

2% Rh(CO)acac
2.5% (S,S,S)-BDP

(S)-1
140 psi H,/CO,
55 °C, THF

regioselectivity 20:1

Scheme 5: Burke’s synthesis of Garner’s aldehyde. BDP - bis(diazaphospholane).

OH 0
HO,, «OH
HoN JJ\O
N OH
H

deoxynojirimycin (7)

OH. oH
Ho_ ~.¢

HO"
castanospermine (9)

HoN

WJ\N“‘«K&O?AN
NH
OH NH, M H (Zi/

OH O COxH

- o)

s %,

HO OH
polyoxin J (8)

sphingosine (10)

W
(11)

OH  Pachastrissamine

Figure 3: Structures of some iminosugars (7, 9), peptide antibiotics (8) and sphingosine (10) and pachastrissamine (11).
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interest from synthetic chemists, because they are frequently
found to be potent inhibitors of many carbohydrate-processing
enzymes involved in important biological systems. These
unique molecules have tremendous potential as therapeutic
agents in a wide range of diseases such as metabolic diseases
(lysosomal storage disorders, diabetes), viral infections, tumour
metastasis, and neurodegenerative disorders.

Through the addition of a nucleophile to the aldehyde (S)/(R)-1,
anew C—C bond is formed, hence allowing carbon chain elon-
gation and further functionalization. Nucleophilic addition of an
alkyne to 1 gives access to propargylic alcohols of the structure
A (Scheme 6). This alcohol can be selectively reduced either to
cis- (B) or trans-allylic alcohol C. cis-Selective reduction of A
can be achieved with Lindlar’s catalyst with H, under atmos-
pheric pressure. The thermodynamic trans-allylic alcohol C
arises from the reaction of A with Red-Al. Both isomers B and
C can also be directly accessed from 1 with the corresponding
cis- and trans-vinyl nucleophiles. Allylic alcohol B can be used
as an intermediate in the synthesis of various natural products or
intermediates thereof. The cis-double bond allows cyclizations
to five- or six-membered rings. Five-membered dihydrofuran
rings lead to the synthesis of furanomycin D [35,36], norfura-
nomycin E [37], and the polyoxin family F [38]. The six-
membered tetrahydropyridine G synthesized via this route can

be used as an intermediate in the synthesis of iminosugars, e.g.,

HO,C
O__Rr OH
el — W
(0]
R'=Me D N, S R
R'=H E Boc
R'=Thy F A

ducti
re UC’7 M
‘ |
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R M—_R

OH

=
5
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O/YCHO
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of the deoxynojirimycin family H [39-43]. The trans-allylic
alcohol C contains already the functional groups of sphin-
gosines and depending on the stereochemistry at C, and Cs, the
synthesis of all four isomers can be achieved [44-47]. Isomer C
leads also to the synthesis of deoxynojirimycin family H [48].
Addition of an allylic nucleophile provides access to homoal-
lylic alcohols I. These can be derivatized to unnatural amino
acids, such as K [49] and L [50] or to aminosugar derivatives
like M [29,51].

Additions of various nucleophiles to 1 have been summarized
by Bols and co-workers in 2001 [52]. We have recently
reviewed the literature on the synthesis of 1,2-vicinal amino
alcohols [53]. Use of Garner’s aldehyde for the synthesis of
non-natural amino acids through ethynylglycine has been
reviewed [54]. In the following section, significant findings in
the use of 1 as an electrophile and chiral intermediate will be
discussed.

Addition of organometallic reagents to

Garner’s aldehyde

The addition of a nucleophile to Garner’s aldehyde provides a
facile access to 2-amino-1,3-dihydroxypropyl substructures.
Through the addition of a carbon nucleophile also a new stereo-
center is formed. Depending on the stereofacial selectivity, one

can access either the anti-isomer 12 or syn-isomer 13 as the

OH
HO OH
N OH
H H
{dtﬁcﬁon ’
OH

O/WR
N, C
Boc

B N,
c Boc
‘ 1 r )O OH O
/\/\
\ M R HO OH
NH, K
_~_OP OH o OH NH
R
[NIOH O/M —»< HoJ\/vN)LNHz
H G %/N\ I NH, LM
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O._ _OH
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OR’

Scheme 6: Use of Garner’s aldehyde 1 in multistep synthesis.
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major product (Scheme 7). The high anti-selectivity can be
rationalized with the attack of the nucleophile from the steri-
cally least hindered side (re-side attack). The Felkin—Anh non-
chelation transition state model explains this selectivity [55].
The nucleophile attacks not only from the least hindered side
(substituent effects), but also from the side where the low-lying
6*C—N orbital is aligned parallel with the n- and n*-orbital of
the carbonyl group, allowing delocalization of electron density
from the reaction center toward nitrogen. In cases where syn-
selectivity is observed, the Cram’s chelation control model
provides an explanation [56,57]. Chelating metal coordinates
between the two carbonyls (the aldehyde and the carbamate),
thus forcing the nucleophile to attack from the si-side and

affecting the selectivity with opposite stereocontrol [58].

In 1988, in pioneering work independently done by Herold [59]
and Garner [44] investigated the use of chiral aminoaldehydes
as intermediates for the synthesis of nitrogen containing natural
products. Both groups realized that the nucleophilic addition of
a lithiated alkynyl group to 1 in THF was selective, favouring
the anti-adduct 14 (Scheme 8). Herold also noticed that the ad-
dition of hexamethylphosphorous triamide (HMPT) increased
the selectivity from 8:1 (Garner) to >20:1 (anti/syn). HMPT
co-ordinates to the Li-cation, thus breaking the lithium clusters.
This increases the nucleophilicity of the alkyne and favours the
kinetic anti-adduct 14. Through the use of chelating metals
(ZnBr; in EtyO [59]) Herold noticed a reversal in selectivity
favouring the syn-adduct 15 (1:20 anti/syn). Garner used a
slightly different method. He formed the nucleophile reduc-
tively from pentadecyne with iBuyAIH in THF [44]. This vinyl-
alane provided the syn-adduct 16 in modest stereoselectivity
(1:2 anti/syn).

For the addition reaction to be feasible for asymmetric syn-
thesis, the configurational integrity during this step is important.

Il Si side
attack

#/
@j — " @ﬂ

CHO
‘
N\
Boc
S)-

Beilstein J. Org. Chem. 2013, 9, 2641-2659.
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d WC13H27
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Scheme 8: Herold’s method: (a) Lithium 1-pentadecyne, HMPT, THF,
=78 °C (71%); (b) Lithium 1-pentadecyne, ZnBr;, Et;0, =78 °C — rt
(87%). Garner’s method: (c) Lithium 1-pentadecyne, THF, =23 °C
(83%); (d) 1-Pentadecyne, DIBAL-H, hexanes/toluene, =78 °C (>80%).

Garner and many others have demonstrated that there is practi-
cally no epimerization of the a-carbon center of 1 during the ad-
dition reaction [38]. While working on the synthesis of thymine
polyoxin C, Garner coupled the lithium salt of ethyl propiolate
with (R)-1 (Scheme 9) in HMPT/THF at —78 °C. The reaction
was highly anti-selective (13:1 anti/syn) giving adduct 17 in a
good yield (75%). The propargylic alcohol 17 was converted to
the corresponding Mosher esters [60] 18 and 19. A careful
NMR analysis indicated that there was less than 2% cross-cont-
amination.

Since the first results of stereoselective additions by Herold and
Garner, much attention has been paid on the factors influencing
the stereoselectivity. Coleman and Carpenter studied the
nucleophilic addition of vinyl organometallic reagents to (S)-1

OH

anti O/ﬁ/\ Nu
N
ﬁ/ Boc

12
Re side |||
attack

Nu: 0.0

0.0
Y
\ HN Nu '\h\/'
H (RN H‘@/ 0
OE 2/0 Ho~©

Scheme 7: Explanation of the anti- and syn-selectivity in the nucleophilic addition reaction.
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Scheme 9: (a) Ethyl lithiumpropiolate, HMPT, THF, 78 °C; (b) (S)- or (R)-MTPA, DCC, DMAP, THF, rt (18, 81%) or (19, 87%).

(Scheme 10) [61]. They noticed that the addition of vinyl-
lithium in THF provided the anti-adduct 20 in a moderate 5:1
anti/syn-selectivity. By changing the metal to magnesium
(vinylMgBr) the selectivity slightly dropped to 3:1 (anti/syn)
still favouring adduct 20. Addition of a Lewis acid (TiCly) did
not affect the diastereoselectivity with vinyllithium species. The
addition of vinyllithium to (S)-1 in the presence of 100 mol %
of TiCly in THF gave a 5:1 (anti/syn) mixture of adducts 20 and
21. Tetrahydrofuran coordinates quite strongly to Lewis acids,
which increases the electron density at the metal atom. This
lowers the metal atom’s ability to coordinate to other Lewis
bases, such as the carbonyl group. By changing the solvent to a
poorer donor (= less Lewis basic), one can alter the electron
density brought about by the solvent molecules to the metal
atom. With vinyllithium species in the presence of TiCly in
Et,O or toluene, the anti-selectivity dropped to 3:1 and 2:1, res-
pectively. Best syn-selectivities were achieved with vinylZnCl
in EtyO (1:6 anti/syn). Coleman also noticed that the addition of
excess ZnCl, did not increase the syn-selectivity at all. They
attributed this to the mono-coordination of the metal to the
carbamate instead of the usual “bidentate” chelation control

model (as shown in Scheme 10).

OH
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Boc
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Joullié observed that the more reactive Grignard reagents (e.g.,
PhMgBr or MeMgBr) give rise to kinetic anti-products via the
non-chelation pathway [62]. Since these reagents are highly
reactive, the reaction takes place before the metal has coordin-
ated to any of the carbonyl groups, thus causing the Felkin—-Anh
control. When the steric bulk of the nucleophile was increased
from PhMgBr to iPrMgBr the selectivity reversed from 5:1
anti/syn to 1:6 with iPrMgBr. A distinct solvent effect was also
observed (Scheme 11). The selectivity obtained by Joullie for
the reaction of 1 with PhMgBr was reversed for our system
[63]. Joullié obtained a 5:1 (anti/syn) selectivity of alcohols 22
and 23 in THF compared to the 2:3 ratio observed in Et,O. This
change in selectivity can be explained by diethyl ether being a
less coordinating solvent [64].

Fiirstner investigated the use of organorhodium nucleophiles
with aldehydes (Scheme 12) [65]. They screened catalysts,
ligands and bases in order to find the best conditions for the
alkylation reaction. They found RhCl3-3H,O together with
imidazolium chloride 26 as the ligand precursor and the base
NaOMe to be the catalyst system of choice. NaOMe reacts with

the ligand precursor 26 and forms an N-heterocyclic carbene.

OH

21

Coordinated delivery
of the vinyl nucleophile

Scheme 10: Coleman'’s selectivity studies and their transition state model for the co-ordinated delivery of the vinyl nucleophile.

(S)-1

Boc

OH
(@) +
L0

OH

O
N\
Boc
23

Scheme 11: (a) PhMgBr, THF, 78 °C — 0 °C [62] or (a) PhMgBr, Et,0, 0 °C [63].
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Scheme 12: (a) cat. RhCl3-3H,0, cat. 26, NaOMe, Ph-B(OH),, aq DME, 80 °C (24, 71%); (b) cat. RhCl5-3H,0, cat. 26, NaOMe, CgH13CH=CHy-

B(OH),, aq DME, 55 °C (25, 78%).

The method was tested also with Garner’s aldehyde and two
different boronic acid derived nucleophiles (R = Ph or
1-octenyl). High anti-selectivity was observed. With the in situ
formed phenyl nucleophile the selectivity was excellent >30:1
(anti/syn) giving 24 in a good yield (71%), but with the open
chain alkene the selectivity eroded to 4.6:1 (anti/syn) giving 25
in 78% yield. The (£)-octenylboronic acid undergoes proto-
deborylation at elevated temperatures, so the reaction had to be
performed at 55 °C and with slightly higher catalyst loading
(5% instead of the usual 3%).

Fujisawa studied the addition of lithiated dithiane to (S)-1
(Scheme 13) [66]. Without additives the reaction in THF
provided alcohols 27 and 28 in a 7:3 ratio (anti/syn). Addition
of aggregation braking HMPT slightly improved the selectivity
(10:3). Almost complete selectivity was achieved when
BF3-Et,O (6 equiv) and Cul (0.3 equiv) were used (>99:1
anti/syn). They reasoned that the high selectivity arose from the
use of a monodentate Lewis acid and the highly dissociated

anion derived from the organocopper species.

(S)-1

o, J e, J

Scheme 13: Lithiated dithiane (3 equiv), Cul (0.3 equiv), BF3-Et,0
(6 equiv), THF, =50 °C, 12 h (70%).

Recently Lam reported interesting results on the stereoselective
addition of a lithiated alkynyl species to (S)-1 (Scheme 14) [67].
According to their results, temperature plays a crucial role on
the outcome of the reaction. When the reaction was performed
at —15 °C (1.36 equiv of alkyne and 1.16 equiv of n-BuLi), no
anti-adduct 29 was detected, instead the syn-adduct 30 was
obtained as the sole stereoisomer. By lowering the temperature
to —40 °C and keeping the amount of reagents the same, the

selectivity was inverted! Only the anti-adduct 29 was isolated.

This change in selectivity was explained with two different
transition states. At lower temperatures (—40 °C) under kinetic
control the Felkin—Anh product is predominant. At higher
temperatures (—15 °C) the nucleophilic addition occurs via a
thermodynamically more stable transition state that resembles
the chelation control TS. These results are interesting as this is
the first time anyone reports a complete inversion of selectivity
just by raising the reaction temperature. Decrease in anti-selec-
tivity has been evidenced by others, when the reaction tempera-
ture has been raised by 40 to 100 °C (e.g., from =78 °C to rt),
but never a total reverse. If these results are reliable, there has to
be a total change in the transition state towards total chelation
control and most likely also in the aggregation level of lithiated

reagents.

OH OH

a
r1— o T N+ Oﬁ/\
%(N\ CqHg %/N\ CqHg
Boc 29 Boc 30

Scheme 14: Addition reaction reported by Lam et al. (a) 1-Hexyne,
n-BuLi, THF, =15 °C or -40 °C.

Jurczak has investigated the effect of additives on the selec-
tivity of the nucleophilic addition reaction in toluene [58].
When lithiated 31 was used as the nucleophile, their results
were similar to Herold’s [59]. With HMPT as an additive they
obtained a selectivity of 20:1 favouring the anti-allylic alcohol
32 (Scheme 15). Without additives the selectivity decreased to
mere 3:1 (anti/syn). Under the same conditions but by raising
the reaction temperature to rt the selectivity dropped further
down to 3:2 (anti/syn). With chelating metals, such as Mg, Zn
and Sn, the stereofacial preference changed from the re to the si
side attack. The use of tin(IV) chloride as the chelating agent
gave the highest syn-selectivities (>1:20 anti:syn), but poor
yields. Slightly higher yields were achieved with ZnCl, giving
the syn-adduct 33 in 65% yield, but with lower selectivities
(1:10).
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Boc 33

Scheme 15: (a) n-BuLi, HMPT, toluene, -78 °C — rt (85%); (b) n-BuLi, ZnClj, toluene/Et,0, =78 °C — rt (65%).

The additions of propargylic alcohols 34 and 35 were also
selective (Scheme 16). Mori performed the addition using
unprotected alcohol 34 as nucleophile [68]. The selectivity at
—40 °C was 4.2:1 favouring the anti-adduct 36. Bittman
performed similar addition with 32 as the nucleophile at —78 °C
[69]. The selectivity was 7.9:1 favouring the anti-adduct 37. In
the same year Yadav did the same addition reaction with HMPT
which raised the anti-selectivity to >20:1 (anti/syn) [70].

Chisholm has been looking for milder catalytic metal-alkyne
nucleophiles for carbonyl 1,2-addition reactions, which
wouldn’t enolize the labile a-protons next to a carbonyl group
(Scheme 17) [71]. They found that a Rh(I)-catalyst with a
monodentate electron rich phosphine ligand 42 formed a
nucleophilic metal-acetylide with terminal alkynes, such as 40.
The phosphine ligand had to be monodentate; bidentate ligands
gave a lot lower yields. Their catalyst system worked very effi-
ciently with many carbonyl electrophiles, also with Garner’s
aldehyde (R)-1. The reaction of 1 with 40 gave 41 with high
selectivity (>20:1 anti/syn) in good yield (74%). Unfortunately
they do not discuss whether the substrate racemizes under these

conditions.

Van der Donk has been interested in the synthesis of dehydro
amino acids (Scheme 18) [72]. In two of their examples they
used copper-acetylide nucleophiles, which led to high syn-selec-
tivities. With propyneCul the selectivity was 1:16 (anti/syn)
providing the propargylic alcohol 43 in 95% yield. By changing
the nucleophile to TMS-ethyneCul the syn-selectivity increased
to over 1:20, but providing the syn-adduct 44 in lower yield
(82%). HPLC analysis showed that no epimerization had
occurred. These results support Herold’s seminal work
published 20 years earlier [59]. Reginato et al. coupled ethyne
to Garner’s aldehyde (S)-1 under chelation control [73].
Surprisingly, a 1:1 (anti/syn) mixture of adducts 45 and 46 was
obtained. Hanessian et al. have shown that also electron defi-
cient acetylide nucleophiles can be used in the reaction [74].
After carefully studying the reaction conditions and various
additives, they found ZnBr; to be the best coordinating agent.
The diastereoselectivity was good, favouring the syn-adduct 47
(1:12 anti/syn). The anti-selective addition of a lithiopropiolate
to (R)-1 was presented by Garner already in 1990 [38].

Soai et al. have examined the use of vinylzinc nucleophiles as

alkenylating agents in the synthesis of D-erythro-sphingosine

OH
(S)1 + R a,borg borc
///\012H25 /Y\rCmst Ci2Ha2s
B ﬁ( "Boc
R=H 34 R H 36 R=H
R=TBS 35 R =TBS 37 R=TBS 39

Scheme 16: (a) n-BuLi, 34, THF, -40 °C [69]; (b) n-BuLi, 35, THF, =78 °C — rt (80%) [70]; (c) n-BuLi, 35, HMPT, THF, —78 °C (87%) [71].

Scheme 17: (a) cat. Rh(acac)(CO),, 42, THF, 40 °C (74%).
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Scheme 18: (a) 1-PropynylMgBr, Cul, THF, Me5S, -78 °C (95%);
(b) Ethynyltrimethylsilane, EtMgBr, Cul, THF, Me,S, =78 °C (82%)
[72]; (c) EthynylMgCI, ZnBry, toluene, =78 °C [73]; (d) n-BulLi, methyl
propiolate, Et,0, =78 °C — 0 °C, then (S)-1 at —20 °C (62%) [74].

(Scheme 19) [45]. Treatment of (S)-1 with pentadecenyl(ethyl)-
zinc (48) in the presence of catalytic (R)-diphenyl(1-
methylpyrrolidin-2-yl)methanol (50, (R)-DPMPM) [75] in
toluene at 0 °C gave adducts 49 and 16 in a 4:1 ratio (anti/syn).
By changing the chiral ligand to (S)-DPMPM 51 the selectivity
dropped to 2:1 (anti/syn). When the addition reaction was
performed in the presence of achiral N,N-dibutylaminoethanol
52 they obtained the highest selectivities (7.3:1 anti/syn).
Despite performing the reaction seemingly under chelation
control, the selectivity follows the Felkin—Anh transition state
model. This selectivity arises from the use of metal coordi-
nating N,O-ligands. These ligands affect both the reactivity of
the metalated nucleophiles and also the metal’s capability of

coordination.

Beilstein J. Org. Chem. 2013, 9, 2641-2659.

Montgomery studied the nickel-catalyzed reductive additions of
a-aminoaldehydes with silylalkynes (Scheme 20) [76]. The
reduction of TMS-alkyne 53 was performed with a trialkylsi-
lane and a Ni(COD); catalyst ligated with an in situ formed
N-heterocyclic carbene. In all cases studied, they found both the
anti/syn- and the Z/E-selectivity to be high (>20:1), but the
chemical yield was varying. Highest yields (78-80%) were
achieved with short alkyl chains (R = Me) or when R = phenyl.
When the alkyl chain was lengthened (R = C;3H;7), while
aiming for the synthesis of D-erythro-sphingosine, the yield
drastically dropped to 18%. By changing the reaction condi-
tions (2 equiv of (S)-1 with 1% water in THF) the yield
increased to acceptable levels (65%) while the selectivity
remained practically the same. They also tested the reaction
with other serinal derivatives, but the best results were achieved
with (5)-1.

R OSi(iPr)s
S F —— TR
Me3Si N, SiMe;
3 ﬁ/ Boc

53 54

Scheme 20: (a) (iPr)3SiH, cat. Ni(COD),, dimesitylene-
imidazolium-HCI, -BuOK, THF, rt.

Alkynes can be converted to (£)-vinyl nucleophiles through
hydrozirconation. In view of the relatively low electronegativ-
ity (1.2—-1.4) of Zr, which is roughly comparable with that of
Mg and somewhat lower than that of Al, the low reactivity of
organylzirconocene chlorides towards carbonyl compounds
is puzzling. It is likely that the presence of two sterically
demanding cyclopentadienyl (Cp) groups is at least partially
responsible for their low reactivity. Suzuki noticed that Lewis
acids promote C—C-bond forming reactions of organylzir-
conocene nucleophiles (Scheme 21) [77]. They used AgAsFg as
the Lewis acid promoter and found that also Garner’s aldehyde

reacts under these conditions with 1-hexenylzirconocene. The

OH OH
a,borc -
(S)1 + EZn -~ aborc /Y\/\C13H27 . OWCHHN
Ci2Has N N
48 ‘Boc 49 %( ‘Boc 16

{ \ Ph Ph OH

N ~.,,,Aph N Ph BU2N/\/

| |

Me OH Me OH

50 51 52

Scheme 19: (a) cat. 50, toluene, 0 °C (52%); (b) cat. 51, toluene, 0 °C (51%); (c) cat. 52, toluene, 0 °C (50%).
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Scheme 21: (a) CpyZr(H)CI, cat. AgAsFg, CHoCly, rt
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; (b) CpaZr(H)CI, 1-pentadecyne, cat. ZnBr; in THF for anti-selective or ZnEty in CH,Cl; for syn-

selective reaction. (c) CpZr(H)CI, EtoZn, in CH,Cly, for syn-selective reaction or in THF for anti-selective reaction.

reaction gave a good yield of the addition products 56 and 57
(70% combined yield), but no diastereoselectivity was
observed. Peter Wipf has done pioneering work on the hydrozir-
conation—transmetallation sequence [78,79]. Murakami used
this information when investigating the reaction of transmetal-
lated 1-(E)-pentadecenylzirconocene chloride with (S)-1
[46,47]. When the reaction was performed in THF at 0 °C and
50 mol % of ZnBr; was added, the reaction gave the anti-adduct
49 as the major diastereomer (12:1 anti/syn). When the amount
of ZnBr, was lowered to half (25 mol %) the selectivity rose to
20:1 (anti/syn). The selectivity was reversed to 1:15 (anti/syn)
favouring the syn-adduct 16, when the solvent was changed to
less coordinating CH,Cl, and the 1-(E)-pentadecenylzir-
conocene chloride was transmetallated with EtyZn prior to the
addition of (S§)-1. Interestingly, when the addition was
performed in THF in the presence of the transmetallated 1-(E)-
pentadecenyl(ethyl)zinc, the selectivity was inverted, and the
anti-adduct 49 was favoured (12:1 anti/syn).

We have also been interested in the use of hydrozircona-
tion—transmetallation process while working on the synthesis of
galactonojirimycin (Scheme 21) [48]. We used the TBS-
protected propargyl alcohol 31 as the nucleophile, which had
been investigated by Negishi for the hydrozirconation—trans-

_—

&1 — /}/\
Boc OTBS

metallation process [80]. Our findings were in agreement with
the results of Murakami. High syn-selectivity (>1:20 anti/syn)
was achieved in CH,Cl, with EtyZn as the transmetallating
agent. The reaction could also be performed in toluene, but the
hydrozirconation had to be done in CH,Cl, due to the low solu-
bility of the Schwartz’s reagent in toluene. After formation of
the hydrozirconated species, the solvent could be changed to
toluene. This reaction gave a slightly lower yield in toluene, but
identical selectivity favouring adduct 60. By changing the
solvent to THF the stereochemical outcome was reversed. The
anti-adduct 59 could be isolated in a >20:1 anti/syn ratio.
Unfortunately, the chemical yield was substantially lower
(20%) and many byproducts were observed. Most importantly,
these reaction conditions did not affect the chiral integrity of
(8)-1. In a recent synthesis of (—)-1-deoxyaltronojirimycin we
tried to synthesize the anti-adduct 59 [43]. Poor yield for
vinylic addition forced us to look for alternative methods
(Scheme 22). Despite the literature precedence of anti-selective
reactions, we were unable to selectively synthesize this adduct
in a good yield. We then turned to the lithiated nucleophile 31.
In THF at —78 °C high diastereoselectivity (15:1 anti/syn) was
obtained. Unfortunately, direct reduction of 32 to 59 produced
allene as a byproduct, which forced us to modify the synthetic

route.

oH
O/W/
8

Boc

W/OTBS
A

Boc

59 byproduct

Scheme 22: (a) i) 31, n-BuLi, THF, -78 °C; ii) (S)-1, THF, 78 °C; (b) Red-Al, THF, 0 °C.
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We have also successfully used (Z)-vinyl nucleophiles created
from the vinyl iodide 61 in the stereoselective synthesis of
pachastrissamine (11) [81,82] and norfuranomycin [37]
(Scheme 23). After halogen—metal exchange with n-BuLi, the
newly formed nucleophile reacts with (S)-1. When HMPT or
dimethylpropyleneurea (DMPU) were used, high anti-selectivi-
ties were achieved (up to 17:1 anti/syn). Without additives the

reaction gave a 4:1 anti/syn mixture of allylic alcohols 62 and
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63. Chelating metals gave rise to the syn-adduct 63. When we
used ZnCl, dissolved in Et,O as the chelating agent, the syn-
selectivity rose to about 1:6 favouring adduct 63. These results
are in agreement with the findings of Jurczak [68].

The alkylation results are summarized in Table 1, and overall
one can conclude that Garner’s aldehyde 1 is a highly versatile

intermediate for organic synthesis. The selectivity of the 1,2-

OH OH

aorb O/Y\:/\OTBS OWOTBS
N\
61 ﬁ/ Boc 62

N\
Boc 63

Scheme 23: (a) 61, n-BuLi, DMPU, toluene, =78 °C, then (S)-1, toluene, -95 °C (57%); (b) 61, n-BuLi, ZnClj, toluene, -78 °C, then (S)-1, toluene,

-95 °C (72%).

Table 1: Selectivities and yield for additions of various nucleophiles to Garner’s aldehyde 1.

Entry Nucleophile Additive
Cq3Ha7
1 =z HMPT
Li
CqzH27
2 =z -
Li
CizHz7
3 // ZnBry
Li/
4 / OTBS HMPT
Li
5 /\OTBS ~
Li
: /OTBS ~
Li
7 / OTBS ZnCl,
Li
Me
8 / Cul
BrMg
=
9 F ZnB
CIMg nera
CO,Et
10 =z HMPT
Li
COZMG
11 = -
Li/
12 _ -
Rh

Solvent T(°C) antilsyn  Yield (%) Ref.
THF -78 >20:1 71 [59]
THF -23 8:1 83 [50]
Et,0 =78 > rt 1:15 87 [59]

toluene -78 -0 20:1 85 [58]
THF -78 15:1 80 [43]

toluene -78 > rt 3:1 80 [58]

toluene/Et,O =78 —>rt 1:10 65 [58]
THF/Me3S -78 1:16 95 [72]
THF/toluene -78 11 - [73]
THF -78 13:1 75 [38]
Et,0 -78 -0 1:12 62 [74]
THF 40 20:1 74 [71]

2652



Beilstein J. Org. Chem. 2013, 9, 2641-2659.

Table 1: Selectivities and yield for additions of various nucleophiles to Garner’s aldehyde 1. (continued)

13 Li.~ -
14 BrMg._~ -
15 Clzn ~ _

BrMg

w T -
BrMg

17 \© -

18 Rh \/\C6H13 -
Ni
19 7 Me _
T™MS
20 iBuZAI\/\CwHﬂ B
21 Cp2(C|)ZI’\/\C4H9 AgAsFg
22 sz(C|)Zr\/\C13H27 ZnBry
23 sz(CI)Zr\/\C13H27 EtpZn
24 CPZ(CI)Zr\/\C13H27 EtoZn
25 Cpa(Cl)Zr ~_-OTBS EtoZn
26 Cpy(Ch)Zra ~_-OTBS EtoZn
27 Lis—"0TBS DMPU
28 Li\:/\OTBS -
29 Li\:/\OTBS ZnCly
Li S
Cul (cat.)
30 E/J BF3Et0

asymmetric induction can be controlled, either by choice of the
nucleophilic reagent, chelating or aggregates breaking additives,
solvent and sometimes also by the reaction temperature. Less
coordinating metals and more reactive nucleophiles tend to give
Felkin—Anh products (Table 1, entries 2, 5, 6, 1214, 16, 18, 19
and 28). Smaller alkyne nucleophiles seem to give a roughly 8:1
anti/syn-selectivity. The larger organovinyl reagents give
slightly lower anti-selectivities of about 3:1 to 5:1. Highest
selectivities are reached with transition metals, such as Rh and
Ni (Table 1, entries 12, 18 and 19). The anti-selectivity can be
enhanced either by the addition of aggregation breaking addi-
tives, such as HMPT and DMPU (Table 1, entries 1, 4, 10 and
27) or by the use of strongly Lewis basic solvents, like THF
(Table 1, entries 2, 5, 13, 14, 16 and 24). Using aggregate
breaking additives increases the anti-selectivities from 4-5:1 to

THF -78 5:1 - [61]
THF -78 3:1 - [61]
Et,0 =78 —>rt 1:6 85 [61]
THF -78 -0 5:1 - [62]
Et,0 0 2:3 - [63]
aq DME 55 4.6:1 78 [65]
THF rt >20:1 78 [76]
THF -78 1:2 >80 [50]
CHCly rt 1:1 70 [78]
THF 0—rt 20:1 70 [46]
CHCl, -30 -0 1:15 84 [46]
THF -20 —>rt 12:1 67 [46]
CH4Cl, -40 -0 >1:20 78 [48]
THF -40 -0 >20:1 20 [48]
toluene -95 17:1 57 [81,82]
toluene -95 4:1 63 [81,82]
toluene/Et,0 -95 1:6 72 [81,82]
THF -50 >99:1 70 [66]

>20:1. The increase of nucleophilicity diminishes the metal
cations capability or chances to coordinate to the carbonyl
groups. This promotes the attack of the nucleophile from the
least hindered re side.

Chelation control can also be achieved by the proper choice of
solvents. Even changing from THF to Et,0 is often enough to
inverse the selectivity (Table 1, entries 10, 11, 16 and 17). Less
coordinating solvents, such as toluene or CH,Cl, can also affect
the selectivity. A greater effect on the selectivity can be reached
by the addition of Lewis acids. Usually Zn(II)-salts give fair to
good syn-selectivities (Table 1, entries 3, 7, 23, 25 and 29), if
the solvent is non-coordinating (Et,O, toluene or CH,Cl»).
Zn(II)-salts do not necessarily give syn-selectivities, especially

if they are too reactive to chelate to the substrate (Table 1,
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entry 9). Vinylalanes give varying results, preferring either anti-
or syn-selectivity (Table 1, entry 20).

Olefination of Garner’s aldehyde

Olefination of 1 provides an easy access to chiral 2-aminoho-
moallylic alcohols A (Scheme 24). The intermediate can be
derivatized further, thus providing a route for greater molecular
diversity. Diastereoselective dihydroxylation of A with OsOy
leads to triols B, which have been utilized in the syntheses of
calyculins family [83,84], D-ribo-phytosphingosine [85], and
radicamine [86,87]. If the R-group in A is an ester, diastereose-
lective Michael addition leads to structures C [88-92]. Kainic
acid was synthesized using such conjugate addition [93], and a
recent synthesis of lucentamycin A was achieved using this
strategy [94]. Epoxidation of A leads to a highly functional
intermediate C, which has been used in the synthesis of
manzacidin B [95].
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Among the plethora of olefination reactions, the Wittig [96,97]
and Horner—Wadsworth—Emmons [98-100] reactions are most
commonly used for the introduction of a double bond to
Garner’s aldehyde 1. Two things need to be considered before
performing the olefination reactions: 1) epimerization of the
stereocenter in the aldehyde (i.e. basicity vs nucleophilicity of
the olefinating reagents) and 2) E/Z-selectivity of the reaction.

Moriwake et al. noticed in their synthesis of vinylglycinol 64
that the reaction of methyltriphenylphosphonium bromide with
KH as the base provided 62 in fairly good yield, but with
complete racemization of the product (Scheme 25) [101]. This
racemization could be overcome by performing the olefination
with AlIMe3—Zn—CHjI, in benzene under non-basic conditions.
While looking for non-racemizing conditions for the same reac-
tion, Beaulieu et al. found that the ylide formed from methyltri-
phenylphosphonium bromide and n-BuLi in THF gave 62 in

CHO
(0]
N,
Boc
1
OH
R (0]
R H R
HO -~ Q] S - 0L~
NH OH )( "Boc NH;
B A D
I
\ Br. P
OH R' I HN™ N
Me 2
NH, OH NH, OH
D-ribo-phytosphingosine C manzacidin B
H,N.___NH
OH O =
o~ ‘" _A__0 HN \ H
NMe,OH N N
calyculin C33—C37 fragment R o
HO, ;\OH HN. O ";{' se\COQH
H
radicamine B lucentamycin A kainic acid

Scheme 24: Olefin A as an intermediate in natural product synthesis.
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69% ee, but in low yield (27%) [102]. With a different unstabi-
lized ylide 65, the enantiopurity of the Wittig product increased
to >95% ee. The erosion of enantiopurity was attributed to the
ylide (Ph3P=CH,) being too basic. It is well known that phos-
phonium ylides form stable complexes with alkali metals during
the dehydrohalogenation of the phosphonium salt [103]. These
complexes react with carbonyl compounds differently. Addi-
tion reactions of other ylides to 1, proceeded with little or no
racemization of 1. The E/Z-ratio of the reaction was 1:13
favouring the Z-adduct 66. In comparison to Beaulieu’s results,
McKillop [27] noticed that with KHMDS as the base, there was
no epimerization at all! To prepare “salt-free” ylides, it is neces-
sary to remove lithium halide from the reaction solution. On the
other hand KHMDS is a convenient base for the preparation of
“salt-free” ylides.

aorborc o AN
N\
Boc
64
d X
(8)-1 - Q
, Br %/N\BOCCSHH
PhaP.__CsH1q 66
65
C3H
e o A 37
4>
_ N,
. Br %/ Boc
Ph3P\/C3H7 68
67

Scheme 25: (a) Ph3(Me)PBr, KH, benzene (66%, rac-64) or (b) AlMes,
Zn, CHalp, THF (76%) [101]; (c) Ph3(Me)PBr, n-BulLi, THF, =75 °C,
then (S)-1 (27%, 69% ee) [102]; (d) 65, n-BuLi, THF, =75 °C, then
(S)-1 (78%, 1:13 E/Z, >95% ee); (e) 67, KHMDS, THF, -78 °C, then
(S)-1, quenching with MeOH (70%, >10:1 E/Z) [104].

High Z-selectivity is a typical outcome with unstabilized ylides.
Kim has investigated means of reversing the E/Z-selectivity to
favour the E-isomer [104]. They noticed that olefination under
the usual Wittig conditions provided high Z-selectivity (1:15
E/Z). When the reaction was quenched with MeOH at —78 °C,
the E/Z-ratio was reversed to >10:1 favouring adduct 68 [105].

o,B-Unsaturated esters can be synthesized from stabilized
ylides. Reaction of 1 with ylide 69 is E-selective. Depending on
the solvent, the £/Z-ratio can vary from 3:1 (in MeOH) [106] to
100:0 (THF [107] or benzene [108]). Since stabilized ylides are
less reactive compared to their non-stabilized counterparts,
they tend to epimerize the existing chiral center of 1 a lot
less, if at all (pK,y value of 69 in DMSO is 8.5 compared
to the pK, value of Ph3(Me)PBr, which is 22.5) [109].
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Another method to prepare a,B-unsaturated esters is the
Horner—Wadsworth—Emmons reaction (HWE). The HWE
reaction has many advantages over the Wittig olefination. The
phosphonate anions tend to be more nucleophilic (less basic)
than the corresponding phosphorous ylides. The byproducts,
dialkyl phosphates are water soluble and hence easier to remove
from the product compared to, e.g., triphenylphospine oxide. As
with the Wittig reaction, the HWE reaction can also promote
the epimerization of the a-proton (pK, of triethoxyphospho-
noacetate in DMSO is 18.6) [109]. We have experienced this
tendency especially with a-amino ketophosphonates [110], but
there is also evidence that aldehyde 1 can lose some of its chiral
integrity in the HWE reaction. For base sensitive substrates the
use of metal salts (LiCl or Nal) and an amine base (DBU or
DIPEA) has proven to be effective in avoiding epimerization
[111]. The use of Ba(OH); in aq THF has also been advocated
to prevent epimerization [112], and recently Myers has reported
the superiority of lithium hexafluoroisopropoxide as a mild base
for HWE olefinations of epimerizable aldehydes [113]. Jako et
al. showed that E-enoate 72 can be synthesized from Garner’s
aldehyde (R)-1 in 95:5 E/Z-selectivity and practically with
no degradation of chiral integrity (Scheme 26) [89]. As an
alternative, Lebel and Ladjel used a catalytic amount of
[Ir(COD)CI]; for the in situ preparation of ylide 69 [114]. They
obtained a 81% yield in the reaction.

a,c CO,Et
Ph3Py,_CO,Et 0/7\1/\/ 2
69 ﬁ’ ‘Boc 70

(S)-1 +

I COsMe
(R)-1 + (MeO),P_CO,Me A e

b
71 ﬁ/N\BOC 72

Scheme 26: (a) Benzene, rt (82%) [108]; (b) KoCO3, MeOH (85%)
[89]; (c) iPrOH, [Ir(COD)CI]2, PPhg, THF, rt (81%) [114].

We have been interested in the synthesis of Z-enoate 73 [84].
The Still-Gennari modification to the phosphonate makes the
synthesis of Z-enoates possible [115]. The two electron-with-
drawing CF3CH,O-groups destabilize the cis-oxaphosphetane
intermediate (Scheme 27) and make the elimination reaction to
the kinetic product Z-alkene a lot faster. As the elimination step
becomes fast, the rate difference in the initial addition step
between kyyyi and kgy, determines the overall Z-selectivity.
When the reaction was performed with K,CO3/18-crown-6 as
the base in toluene at —15 °C, we could isolate only the
Z-enoate 73 in good yield (90%). HPLC analysis showed that

there was no epimerization.
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AN
(S)-1 o T Y
%/N\ CO,Me
Boc
73
MeO/YCHO MeO AN
HN, HN_ Cco,Me
Boc Boc
74 75
0
FchQCOh-..P\/COZMe
F3CH,CO
Base
M
. (R ,' o) 1 Kanti O/M\O /ﬁ)?\ ksyn RO (R’I’: ~0 ¥
“P. I slower “P.,
RO - OMe ﬂ ROm..llgl + O H RO . = OMe
O/' RDS RO 7 “OMe N, o%
Y Boc \?\: /
H™ R R' H
TS (anti) TS (syn)
kanti ksyn
fast fast
M M
(0] |O Keis Ol\% Ktrans O M IO
fast O O P fast |
Ry “OMe — ‘OR — [ \L “HTOR = Ry “OMe
o=R"OR COzMe CO,Me >“CO,Me R  “CO,Me 0=P:"OR
OR cis major minor trans OR
oxaphosphetane oxaphosphetane

Scheme 27: Mechanism of the Still-Gennari modification of the HWE reaction leading to both olefin isomers.

We have recently shown that the open-chain aldehyde 74 reacts
with the Still-Gennari phosphonate and provides the Z-enoate
75 in good E/Z-selectivity (1:12) [84]. The slight decrease in the
E/Z-selectivity can be reasoned with the smaller size of the
aldehyde 74. When the aldehyde is coordinating to the phospho-
nate, the steric hindrance caused by the interaction of the triflu-
oroethoxy group with the aldehyde R’ in TS (syn) is smaller
compared with aldehyde 1. This allows some of the aldehyde to
react via the frans-oxaphosphetane intermediate. Using these

reaction conditions no epimerization was observed.

Conclusion

Garner’s aldehyde has developed into a useful and reliable syn-
thetic intermediate for the synthesis of enantiopure complex
natural products, their analogues and other pharmacologically
active compounds. Several reaction types have been studied
sufficiently so that one has reliable tools to plan a synthesis.
Simple addition reactions to the carbonyl group give access to
vicinal amino alcohols, important building blocks for many
natural products. Another possibility for carbon chain elonga-
tion are olefination reactions, which often lead to epimerization

of the a-stereocenter. As with the alkylations, strategies to avoid

this undesired reaction have been developed. However, despite
these important achievements, much more research needs to be
done to increase the scopes of these reactions, the overall effi-

ciency, and environmental sustainability.
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Two unidentified chlorinated volatiles X and Y were detected in headspace extracts of the fungus Geniculosporium. Their mass

spectra pointed to the structures of a chlorodimethoxybenzene for X and a dichlorodimethoxybenzene for Y. The mass spectra of

some constitutional isomers for X and Y were included in our databases and proved to be very similar, thus preventing a full struc-

tural assignment. For unambiguous structure elucidation all possible constitutional isomers for X and Y were obtained by synthesis

or from commercial suppliers. Comparison of mass spectra and GC retention times rigorously established the structures of the two

chlorinated volatiles. Chlorinated volatiles are not very widespread, but brominated or even iodinated volatiles are even more rare.

Surprisingly, headspace extracts from Streptomyces chartreusis contained methyl 2-iodobenzoate, a new natural product that adds

to the small family of iodinated natural products.

Introduction

Today several thousands of halogenated natural products are
known, most of them being produced by marine organisms [1].
The majority of halogenated natural products are chlorinated or
brominated, while iodinated and particularly fluorinated com-
pounds are significantly less abundant (Table 1) [2]. Reasons
for this distribution are (I) the different concentrations of the
halogenides in sea water and (II) the differences in their redox

potentials [3]. In terrestrial habitats local halogenide concentra-

tions can strongly differ from those found in marine ecosys-
tems, but the overall trend is similar, and therefore chlorine and
bromine are also the most widespread halogens in natural prod-

ucts from terrestrial organisms.
Many biologically active halogenated secondary metabolites are

known from actinomycetes including vancomycin [4], chloram-

phenicol [5], rebeccamycin [6], marinopyrrols [7,8], armeni-
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Table 1: Approximate number of known halogenated natural products
and redox potential and natural abundance of the halogenides in sea
water.

Halogenide Natural Redox Sea water
products? potential [V]?  [mg L~

F~ 30 +2.87 1.4

CI- 2200 +1.36 18100

Br- 1900 +1.07 68

I~ 100 +0.54 0.06

@Estimated number of known natural products in 2002 according to
reference [2]. PRedox potentials and concentrations in sea water as
given in reference [3].

aspirols [9], and salinosporamide [10]. Also a few volatile halo-
genated compounds are known, e.g., from algae as summarised
in a recent review [11]. Particularly interesting is the produc-
tion of chloroform by termites that was estimated to account for
15% of the global chloroform emissions [12].

The introduction of halogens into natural products is catalysed
by various known types of enzymes [13,14], including the
FADH,-dependent halogenases [15], a-ketoglutarate/Fe2*-
dependent halogenases [16], SAM-dependent halogenases
[17,18], and vanadium-dependent haloperoxidases [19].

Here we report on the identification of two chlorinated volatile
compounds from the fungus Geniculosporium and a iodinated

volatile from Streptomyces chartreusis.

Beilstein J. Org. Chem. 2013, 9, 2767-2777.

Results and Discussion

Chlorinated volatiles from Geniculosporium

The volatiles emitted by agar plate cultures of the fungus
Geniculosporium sp. 9910 were trapped on charcoal filters by
using a closed-loop stripping apparatus (CLSA) [20]. After one
day of collection a solvent extract of the trapped material was
analysed by GC-MS. The analytical process was performed
three times to demonstrate reproducibility of the results, and a
representative chromatogram is shown in Figure 1. Besides
the main compound 1 and some structurally related volatiles 2
and 3 that were identified by delinating a structural proposal
from the mass spectra followed by synthesis of reference com-
pounds [21], two additional volatiles X and Y were observed in
all investigated samples. Their mass spectra are shown in

Figure 2.

Both volatiles were suggested to be chlorinated compounds due
to their characteristic isotope patterns of the molecular ions with
compound X containing one chlorine and volatile Y containing
two chlorine atoms. Furthermore, a comparison of the mass
spectrum of X to data base spectra revealed strong similarities
to mass spectra of chlorodimethoxybenzenes, but the data base
mass spectra of various constitutional isomers showed only
marginal differences. Similarly, the mass spectrum of Y was
very similar to data base spectra of dichlorodimethoxybenzenes,
but also in this case the mass spectra of several constitutional
isomers were highly similar. Therefore, the comparison of mass
spectra was not a sufficient criterion for unambiguous com-

pound identification, and thus the additional comparison of GC

O
o) | O
9 1
o]
@)
3
X
/ v
U . I T
10 12 14 16 18 20 22 24 26 28  30min

Figure 1: Total ion chromatogram of a CLSA headspace extract from Geniculosporium.
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Figure 2: Mass spectra of A) the chlorinated volatile X and B) the chlorinated volatile Y.

retention indices of both natural products to authentic standards
of all possible structural isomers was pursued.

The six constitutional isomers of a chlorodimethoxybenzene
4a—4f as candidate structures for X are summarised in Figure 3.
Compounds 4d and 4e were commercially available, while the
remaining isomers were obtained by synthesis according to
Scheme 1. Surprisingly, no satisfying synthetic procedure for
compound 4a was available from literature, but ortho-lithiation
of veratrole (5) followed by treatment with trifluorosulfonyl
chloride and triethylamine gave acceptable yields (47%).
Conversion of 4-aminoveratrole (6) into the corresponding
diazonium salt followed by a Sandmeyer reaction resulted in 4b
(61% over two steps). The isomer 4¢ was efficiently prepared
by double methylation of 2-chlororesorcinol (8) with potassium
carbonate and methyl iodide in acetone (88%), while 4f was
obtained by chlorination of dimethoxybenzene 9 with
benzyltrimethylammonium tetrachloroiodate in moderate yield
(34%) [22]. All six compounds were subjected to GC-MS
analysis using the same type of GC column as for the head-
space extract from Geniculosporium (HP5-MS) and their reten-

tion indices together with the NMR spectroscopic data are

OMe

OMe
OMe

Cl

OMe

OMe
Cl

OMe

Cl

4b 4c

OMe OMe

M
OMe Cl

OMe
Cl Cl OMe OMe

4d de 4f

Figure 3: Constitutional isomers of chlorodimethoxybenzene as candi-
date structures for X.

summarised in Table 2. Mass spectra, 'H and !3C NMR spectra
of all six compounds are given in Supporting Information
File 1. The structure of 4b was unambiguously assigned to the
natural product X by comparison of mass spectra and retention
indices (Table 2).
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Scheme 1: Synthesis of chlorodimethoxybenzenes as reference compounds for X.

Table 2: NMR spectroscopic data and GC retention indices of all constitutional isomers of chlorodimethoxybenzene in comparison to natural X.

Compound

4a

4f

4b

OMe 1. BuLi, Et,0 OMe
| \OMe OMe
= 2. TfCl, NEt; cl
5 47% 4a
OMe OMe
OMe NaNO, OMe
HCl
NH, N,*
6 7
OH K,CO3, Mel OMe
| O cl
= OH acetone OMe
8 88% 4c
OM OMe
e
BnMe3N* ICl4~ Cl
CH,Cl, OMe
OMe
34%
9 af

TH NMR

6.96 (m, 2H, 2 x CH)
6.81 (m, 1H, CH)
3.87 (s, 3H, OCHs)
3.86 (s, 3H, OCHj)

6.95 (d, 1H, *Jy 1 = 3.0 Hz, CH)

6.86 (d, 1H, *Jy = 3.0 Hz, 3Jy 4 = 9.0 Hz)

6.76 (dd, 1H, 3Jy py = 3.0 Hz, “Uy 4 = 9.0 Hz, CH)
3.84 (s, 3H, OCH3)

3.75 (s, 3H, OCHg)

6.87 (dd, 1H, 3Jy p = 8.5 Hz, “Uy py = 2.4 Hz, CH)
6.84 (d, 1H, *Jy 4 = 2.4 Hz, CH)

6.76 (d, 1H, 3Jy 1y = 8.5 Hz, CH)

3.85 (s, 3H, OCHg)

3.84 (s, 3H, OCHg)

Beilstein J. Org. Chem. 2013, 9, 2767-2777.

CuS0y, NaCl OMe
N82803 OMe
619
% Cl
4b

3¢ NMR

154.0 (Cy)
145.5 (Cq)
128.4 (Cq)
124.3 (CH)
122.0 (CH)
110.9 (CH)
60.6 (OCH3)
56.1 (OCH3)

153.8 (Cy)
149.4 (Cy)
123.0 (Cy)
116.1 (CH)
113.2 (CH)
112.8 (CH)
56.7 (OCH3)
55.8 (OCH3)

1495 (Cy)
147.8 (Cy)
125.6 (Cq)
120.2 (CH)
112.0 (CH)
111.9 (CH)
56.02 (OCH3)
55.98 (OCHg3)

/

1278

1292

1322
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Table 2: NMR spectroscopic data and GC retention indices of all constitutional isomers of chlorodimethoxybenzene in comparison to natural X.
(continued)

4e 6.51 (d, 2H, 4Jy 1 = 2.2 Hz, 2 x CH) 161.1 (2 x Cy) 1340
6.34 (t, 1H, “Jy = 2.2 Hz, CH) 135.2 (Cy)
3.77 (s, 6H, 2 x OCHg) 106.9 (2 x CH)
99.2 (CH)
55.5 (2 x OCH3)
4d 7.24 (d, 1H, 3Jy 4 = 8.7 Hz, CH) 159.5 (Cq) 1374
6.50 (d, 1H, 4Jy 1 = 2.7 Hz, CH) 155.6 (Cq)
6.42 (dd, TH, 3Jy y = 8.7 Hz, 4Jy y = 2.7 Hz, CH) 130.1 (CH)
3.87 (s, 3H, OCH3) 114.1 (Cy)
3.79 (s, 3H, OCH3) 105.2 (CH)
100.0 (CH)
56.0 (OCH3)
55.5 (OCHg)
4c 7.7 (t, 1H, 3Jy 4 = 8.4 Hz, CH) 156.2 (2 x Cy) 1404
6.60 (d, 2H, 3J 1 = 8.4 Hz, 2 x CH) 127.1 (CH)
3.90 (s, 6H, 2 x OCHg) 110.6 (Cy)

104.7 (2 x CH)
56.3 (2 x OCH3)

X 1322

For compound Y a series of eleven constitutional isomers as

shown in Figure 4 were possible. All eleven compounds were OMe

OMe
obtained by synthesis as summarised in Scheme 2. The com- OMe
pounds 10a, 10c, and 10e were obtained by treatment of o
e
e

Cl OMe

jo s
Cl C

oM
1,2,3,4-tetrachlorobenzene (11) with sodium methoxide in hot Cl
oM
Cl
oM

Cl

HMPA. This reaction is reported to yield mainly 1,2,3-

10a 10b

trichloro-4-methoxybenzene and 1,2,4-trichloro-3-methoxyben-
zene by monosubstitution [23], but small amounts of disubstitu-

tion products were also formed that were rigorously purified oM
e

from the mixture by repeated column chromatography. Starting OMe al
from 1,2,3,5-tetrachlorobenzene (12) the same reaction condi-
Cl

>

tions also provided a mixture of mono- and disubstitution prod- cl OMe

ucts, but the target compounds 10f and 10g were obtained in
10d 10e

better yields (29% and 17%). Derivative 10b was prepared from 10f

e
M
Cc
(6]
3,5-dichlorocatechol (13) by methylation with potassium
M e OMe
methylation of 4,6-dichlororesorcinol (14) provided 10h in 80%

yield, and methylation of 2,3-dichlorohydroquinone (16),

(0] e
|
M
Cl
carbonate and methyl iodide in high yield (80%). Accordingly, o
Cl Cl
prepared from benzoquinone (15) by treatment with SO,Cl, Cl OMe 0
under acidic conditions, generated 10i (13% via two steps). cl Cl OMe
Reduction