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Abstract

Divergent and enantiospecific total syntheses of the indolosesquiterpenoids xiamycins A, C, F, H
and oridamycin A have been accomplished. The syntheses, which commence from (/)-carvone,
employ a key photoinduced benzannulation sequence to forge the carbazole moiety characteristic
of these natural products. Late-stage diversification from a common intermediate enabled the first
syntheses of xiamycins C and F, and an unexpected one-pot oxidative decarboxylation, which may
prove general, led to xiamycin H. All synthetic intermediates and the natural products were tested
for anti-fungal activity. Xiamycin H emerged as an inhibitor of three agriculturally relevant fungal
pathogens.

Graphical Abstract

A benzannulation of carvone strategy has enabled the enantiospecific and divergent syntheses of
indolosesquiterpenoids xiamycin A, C, F, H, and oridamycin A in 13-14 steps from (~)-carvone.
Evaluation of their anti-fungal properties revealed xiamycin H to be an inhibitor of three
agriculturally relevant fungal pathogens.
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The “‘xiamycin-type’ secondary metabolites (Figure 1) were first isolated from a range of
Streptomyces species in 2010. These molecules represent the first examples of
indolosesquiterpenoids from bacterial sources, and new members continue to be discovered
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to this day.! The emerging biological activity of these indolosesquiterpenoids has sparked
interest in employing them as a starting point for the development of pharmaceuticals and
agrochemicals. For example, xiamycin A (1) displays antibiotic and anti-HIV activity,22
whereas its C-16 epimer, oridamycin A (2), exhibits modest activity against the water mold
Saprolegnia parasitica.1P On the basis of this latter bioactivity, we have become especially
interested in profiling the agrochemical potential of the xiamycins as fungicides against a
broad range of fungal pathogens that significantly impact crop yields. Notably, we sought to
identify new chemotypes active against wheat leaf blotch (Zymoseptoria tritici) which has
been known to cause up to 50% crop yield loss in the European Union (EU).32 While there
are known fungicides to combat this fungus, newer compounds that possess novel modes of
action are critical to addressing the resistance shifts that continue to emerge for many
damage-causing fungi.3?

Xiamycin A and oridamycin A have drawn significant attention from synthetic chemists as
reflected in the number of total syntheses of these molecules completed over the last five
years (Scheme 1a).2 Structurally, they are composed of a challenging pentacyclic
framework, including a carbazole nucleus fused to a frans-decalin ring system that bears four
contiguous stereocenters.

Two elegant previous syntheses of these natural products by Li and Trotta employ a
benzannulation strategy to forge the carbazole moiety. Notably, Baran, Li, and Trotta all
utilize polycyclizations to form the trans-decalin system.2 Our group has had a standing
interest in divergent* syntheses of terpenoid natural products utilizing carvone as a starting
material > Carvone is of particular interest to us because of its ready availability in either
enantiomeric form,8 and its highly modifiable cyclic structure, which allows for rapid
elaboration.” The syntheses that we report herein are complementary to previous approaches
to the xiamycin-type indolosesquiterpenoids. Specifically, we begin from a cyclic “chiral
pool’ compound (carvone), which obviates the need for a polycyclization to build the
framework of these molecules, thus presenting a unique opportunity for divergence that has
culminated in the synthesis of additional congeners of the xiamycin-type indolo-terpenoids
than had been previously achieved. In our initial synthesis considerations, we envisioned an
expansion of our reported® ‘benzannulation of carvone’ strategy whereby the a—methyl
group of carvone would be exploited in a C—C bond and concomitant six-membered ring
formation. Here, we report the realization of this strategy in the total syntheses of xiamycins
A, C,F H(1, 3 4,5) and oridamycin A (2). As part of an ongoing program to identify novel
natural-product derived small molecules relevant to crop protection, we also describe the
first systematic investigation of their anti-fungal activity.

Retrosynthetically (Scheme 1b), we envisioned 1 and 2 arising from a late-stage carbazole-
forming benzannulation sequence. However, unlike in some of the previous syntheses of
these indolosesquiterpenoids, which employed a thermally induced benzannulation, our
synthetic plan was to effect a photoinduced olefin isomerization/6-electrocyclization
sequence of triene 6.8 Triene 6 would in turn emerge from the addition of an indole
nucleophile to a,B-unsaturated aldehyde 7. Intermediate 7 was traced back to known?® trans-
decalin C-16 epimers 8a and 8b from which both configurations of the C-16 stereocenter
could be accessed, leading to the synthesis of the xiamycin and oridamycin natural product
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families. Compounds 8a and 8b are accessible through a known four-step sequence from
inexpensive and commercially available (/)-carvone (9).

Our synthetic studies commenced with the construction of the key frans-decalin system
(Scheme 2). Following the precedent of Omura and Nagamitsu,® keto-alcohols 8a and 8b
were prepared in four steps from (/)-carvone (9) in multigram quantities. Evans reduction®
of keto-alcohol 8a using tetramethylammonium triacetoxyborohydride (Me4sNBH(OAC)3)
gave the desired equatorial alcohol 10 as a single diastereomer, which was unambiguously
confirmed by X-ray crystallographic analysis.}1 Following acetonide formation, addition of
MeLi to the a,B-unsaturated ketone group yielded the corresponding tertiary alcohol as a
single isomer. Subsequent allylic oxidation using SeO, formed aldehyde 7, which was
coupled with 2-lithiated A-(phenylsulfonyl)indole!? reagent 11 to produce an
inconsequential mixture of diastereomeric alcohols in almost quantitative yield. The
elimination of both hydroxy groups proved challenging. Under several conditions (e.g.,
using the Burgess reagent, MsCI/DIPEA, or SOCl,/py), only elimination of the secondary
hydroxy group was observed. Fortunately, Martin’s sulfurane cleanly effected double
dehydration at room temperature affording triene 6 in gram quantities.

Having established an efficient route to precursor 6, we began to explore our proposed
benzannulation sequence to forge the 2,3-fused carbazole.13 Due to the geometric constraint
imposed by the trisubstituted (£)-double bond in 6, a thermal 6m-electrocyclization/
aromatization sequence under aerobic conditions, as demonstrated in the Li and Trotta
syntheses of related molecules, was not successful. This prompted us to attempt a
photochemical benzannulation1415 wherein £.Zisomerization of the double bond could be
effected (Table 1). To our surprise, irradiation of 6 with UVB light (310 nm) in degassed
benzene led to the direct isolation of desulfonylated carbazole 12 in 28% yield as the only
detectable product (entry 1).18 After extensive experimentation, we found that irradiation
with UVA light (350 nm) in ag. EtOH increased the yield of 12 to 44% (entry 2). The
solubility of the starting material, as well as the yield, were further increased by adding THF
to the reaction medium (entry 3). The use of other polar protic solvents (MeOH, /PrOH,
HFIP) proved inferior. Polar aprotic solvents such as MeCN led only to isolation of trace
amounts of 12 (entry 4). The addition of water was found to be beneficial in this case (entry
5) whereas the addition of radical scavengers (1,4-cyclohexadiene, entry 6) to possibly
capture a potentially formed sulfonyl radical and prevent polymerization did not improve the
yields. Attempts to buffer the resulting sulfinic acid byproduct by the addition of base
(Nap,COsg, entry 7) only led to a decrease in yield. Only scant reports of the photochemical
desulfonylation of amines and indoles are known.1’ The existing methods rely on an initial
electron transfer from an appropriate donor (e.g., amines, electron-rich aromatics) to the
excited state indole moiety. Applying these known conditions, which use DABCO (entry 8)
and NEtz (entry 9) as amine sources or anisole (entry 10), gave 12 in only low (5-33%)
yield. While irradiation with blue LED light gave comparable yields to the optimized
conditions (entry 11), longer wavelength visible light did not induce carbazole formation
(entry 12).18

With access to carbazole 12 using our best conditions (entry 3), hydrogenation of the
styrenyl double bond and subsequent cleavage of the acetonide yielded diol 13 in 60% yield
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over two steps (Scheme 3). Unfortunately, oxidation of the primary hydroxy group to give
aldehyde 14 led to substantial decomposition under standard conditions such as TEMPO/
PIDA, presumably due to the free carbazole nitrogen. We therefore opted to install the
aldehyde group first. Addition of 2-lithiated A-(phenylsulfonyl)indole 11 to aldehyde 7 gave
diol 15, which was subjected to a one-pot double dehydration followed by acetonide
cleavage using Martin’s sulfurane and 6M HCI, respectively, to give the corresponding triene
diol (not shown). Oxidation of the primary alcohol group under TEMPO/PIDA conditions
gave a hydroxy-aldehyde which underwent the key photocyclization/desulfonylation to give
aldehyde 16 in 21% over 3 steps.1? Finally, Pinnick oxidationZ® followed by hydrogenation
with Pd/C reduced the styrenyl double bond to complete the synthesis of xiamycin A (1) in a
total of 14 steps from (/)-carvone (9). The spectroscopic data obtained for 1 were identical
to those reported in literature.*

We have also utilized the minor keto-alcohol diastereomer 8b in an analogous sequence to
complete a total synthesis of oridamycin A (2, Scheme 4). Thus, subjecting minor
diastereomer 8b to Narasaka—Prasad reduction?! conditions yielded boronate ester 17, which
was cleaved by methanolysis on acidic silica to afford desired syr+diol 18 in 74% yield. The
total synthesis of oridamycin A (2) was successfully completed by following the established
route described above (i.e., steps 6—14; see the Supporting Information for details).

In line with our initial plan, access to 16 has provided a common late-stage intermediate that
we have applied to the synthesis of several other xiamycin congeners (Scheme 5).
Specifically, we envisioned that the styrenyl double bond of 16 would serve as a handle for
functionalization. Indeed, Mukaiyama hydration22 of 16 followed by Pinnick oxidation gave
xiamycin C (3) and 19-ep/i~xiamycin C as a separable mixture of diastereomers, as well as
xiamycin F (4). This sequence represents the first total syntheses of these natural products as
well as the associated C-19 epimer of 3.

As a testament to the versatility of our route, we then sought to prepare the only known
xiamycin congener that bears an alkene functional group (i.e., xiamycin H; 5). Oxidation of
alcohol aldehyde 16 with Dess—Martin periodinane first yielded keto-aldehyde 19, which, in
one-pot, underwent oxidative decarboxylation under Pinnick oxidation conditions to form
xiamycin H (5) in 48% yield.

Bioactivity

Our syntheses of the xiamycins have also provided access to a number of synthetic
intermediates which have been screened for bioactivity. Specifically, the /n vitro
fungitoxicity of these small molecules against three agriculturally relevant pathogens: wheat
leaf blotch, rice blast (Pyricularia oryza) and corn smut (Ustilago maydis) was evaluated. At
a concentration of 10 ppm, it was found that xiamycin H (5) demonstrated complete (100%)
growth inhibition of wheat leaf blotch as well as partial (50% and 40%) inhibition of rice
blast and corn smut, respectively. Compound 7 demonstrated selectivity toward the control
of corn smut (50% growth inhibition) over other pathogens, whereas compound S-23 (from
hydrogenation of 12) demonstrated some selectivity toward the control of rice blast (50%
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growth inhibition). These initial screening data provide a promising foundation for
additional studies to identify even more potent derivatives of this class of natural products.

Conclusion

In summary, we have accomplished the divergent, enantiospecific total synthesis of the
indolosesquiterpenoids xiamycin A (1), xiamycin C (3), xiamycin F (4), oridamycin A (2),
as well as xiamycin H (5) in a maximum of ten steps from known compound 9. A key
feature in the formation of the characteristic carbazole moiety is a photoinduced 6rc-
electrocyclization with concomitant desulfonylation, which represents a rare example of this
type of transformation. These syntheses proceed in a total of 13-14 steps from carvone and
are highly scalable, providing enough material for a preliminary bioactivity screen.
Evaluation of the fungicidal activity of these compounds revealed that xiamycin H and some
of the synthetic intermediates display notable inhibition of agriculturally relevant pathogens
that could set the stage for the identification of new small molecules for crop protection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selected members of the xiamycin and oridamycin families.
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1a. Selected previous approaches to xiamycin A and oridamycin A
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Scheme 2.
Synthesis of the 6r-electrocyclization precursor 6.
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3a. First approach toward finishing the synthesis of xiamycin A
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Scheme 3a.
Failed endgame route. Scheme 3b. Completion of the total synthesis of xiamycin A (1).
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Scheme 4.
Total synthesis of oridamycin A(2)

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pfaffenbach et al.

et

N
H

H

H

77

Me
16

13) DMP;

Scheme 5.

Me

CHO

13) Cofacac)z

Page 12

PhSiH;
THF, O,

14) NaClO;

NaH2PO4 R
2-Me-2-butene
xiamycin C R= OH (eq.), H (3)
[64%, 2 steps 1.5:1 dr]
xiamycin F R= 0O (4)
then [15%, 2 steps)
NaClO,

NaH2PO4 fo)
DMP

2-Me-2-butene, Q
N
H

(48%)

xiamycin H (5)

Completion of the syntheses of xiamycin C(4), F(5), and H(6) from common intermediate

16.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 October 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pfaffenbach et al.

Table 1.

Optimization of the key photocyclization/desulfonylation reaction.

H Me
hv, rt, solvent H
(0.008 M, degassed) O @ 00‘; ~Me
[E/Z isomerization] N ! Me
izati H Me
[6electrocyclization]
[desulfonylation] 12
entry wavelength (nm)a conditionsd yielde
1 310/350 PhH,1 h 28%/33%
2 310/350 5% aq. EtOH, 1 h 30%/44%
3 350 10% aq. EtOH/THF, 1 h 46%
4 350 MeCN, 1 h <5%
5 350 50% ag. MeCN, 0.5 h 23%
6 310 PhH, 1,4-CHD, 0.2 h 30%
7 350 5% ag. EtOH, Na,C03 0.5 h <5%
8 350 5% aq. MeOH, DABCO, 0.5 h <5%
9 350 NEtz, /BuzSnH, MeCN, 0.5 h <5%
10 350 5% aqg. EtOH, anisole, NaBH4 1.5 h 33%
11 40017 5% ag. EtOH, 1.5 h 30%
0, | i
12 500—8000 5% aq. EtOH, 40°C, 1.5 h no reaction

aLuzchem photobox
b, .
Kessil blue LED

C. ..
Sunlite tungsten lamp

d . . .
Reactions were performed in pyrex glass tubes; 5% aq. EtOH refers to technical grade (95%)

Elsolated yield.
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