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ABSTRACT: Total synthesis of cystobactamid 920-1 and its epimer has allowed an unambiguous assignment of the relative and
absolute configuration of the natural product. A careful structural analysis of each isomer using both NMR and computational tech-
niques also prompted a constitutional revision of the structures originally reported for cystobactamids 920-1 and 920-2, and has
provided further insight into the unique conformational preferences of the cystobactamid family.

A. Cystobactamid natural products and the structural revision of 920-1 and 920-2

In 2014, a group of nonribosomal peptides, cystobactamids

"
919-1 (1) and 919-2 (2), were isolated in small amounts (< ° N\QYH Me \/H . J\
100 pg/L) through cultivation of the myxobacterium Cysto- T stﬁoﬁ R \©YN OH s
0~ Ry o) N
NO,

bacter sp. (Figure 1).! Compounds 1 and 2 are closely related H@
to albicidin, whose structure and absolute configuration was g paae | ! fragment ° COH
determined unequivocally by Siissmuth and coworkers eystobactamid: R R? R®
through total synthesis.”> Only recently, nine new cystobac- big2 {223 E;; tﬁ‘:;. tﬂizl o
tamid derivatives were isolated from Cystobacter sp., includ- 2p920-1 (35) (3a) OH wiayl  OfPr
ing cystobactamids 920-1 (3), 920-2 (4) and 861-2 (5); the orgallyassignodastho ) CF)  OR - want - OFr
. e ae 3 constitution of 920-2 in ref. 3)
latter being the most potent antibiotic of all known congeners. revised structure of 920-2 (3R) (4)  tiaryl  OH oPr
Indeed, the cystobactamids and albicidin show strong antibac- S A S
terial activity, inhibiting several clinically relevant Gram-posi- 861-2 (3R) (5) tiaryl  NH H
tive and Gram-negative strains, such as Acinetobacter bau- 8- Struqlre of alblcidin, a related pepldo natural product
mannii (MIC = 0.5 pg/mL for 5), Citrobacter freundii (MIC = f %H
0.06 ug/mL for 5), carbapenem-resistant E. coli WT-III - f /@AH i \©YH M
(marRAT4bp) (MIC = 0.5 ug/mL for 5), carbapenem-resist- MN i v,
ant P. aeruginosa (CRE) (MIC = 1.0 pg/mL for 5) and Pro- Ho o
teus vulgaris (MIC = 0.25 pg/mL for 5).2 It was also found coan
that the cystobactamids inhibit bacterial type lla topoiso-
merases, which are known to be targeted by the clinically Figure 1. The cystobactamid natural products, synthetic epimer
established group of quinolone antibiotics. 3a and the structural revision of cystobactamids 920-1 and 920-2

as presented in this work (the related peptide albicidin is also
shown).



Total syntheses of the cystobactamids 861-2 (5) and
919-2 (4) were accomplished independently through our
earlier efforts® and that of the Trauner group,* respec-
tively. However, correct assignment of the two stereogenic
centers in the central methoxyaspartate ‘hinge’ region has been
a matter of debate since the original isolation paper.! The rela-
tive configuration of 1 and 2 was originally interpreted as
anti (relative to the orientation drawn in Figure 1; either 25,3S
or 2R,3R configuration) through comparing the homonuclear
vicinal coupling constants (*Juy = 7-8 Hz) and observed
ROESY-NMR data to that of other B-oxyasparagine deriva-
tives reported in literature. The absolute configuration of each
stereocenter was similarly inferred through direct comparison
of the measured optical rotation of 1 and 2 with literature
compounds. Consequently, the configuration at C2 and C3 was
assigned as 2S,3S.!

Later, Kim and coworkers also isolated cystobactamid 919-2
(2) along with two other derivatives, which they named coral-
mycins A and B, from cultures of Corallococcus coralloides
myxobacteria.” In contrast to the original stereochemical as-
signment, Kim proposed that the configuration of the meth-
oxyaspartate hinge region of 2 should be revised to 2S,3R.
This alternative structural assessment also resulted from de-
tailed NMR analysis of the natural compound, especially con-
cerning the values of *Jus and "Jeu. Kim argued that the "Jcson
value of 6.7 Hz (in DMSO-d¢/CD;0OD = 4:1) is consistent with
a gauche conformation of 2-H and the methoxy group at C3.
Additionally, it was contested that 2-H and C4, as well as 3-H
and C1, are gauche orientated; implying that the methoxyas-
partate hinge is fixed with syn configuration (relative to the
orientation drawn in Figure 1; either 2S,3R or 2R,3S configu-
ration). Despite these differences in interpretation, it is notable
that in both accounts the chemical shift values and coupling
constant *Jo. 3.1 of compound 2 were identical.

In view of this ongoing stereochemical uncertainty, we en-
deavored to synthesize both possible epimers of the reported
structure of cystobactamid 920-2, 3a and 3b; and to perform
a detailed conformational analysis of each isomer, using NMR
techniques and computer-aided molecular modeling, to unam-
biguously assign the relative and absolute configuration of the
natural cystobactamid framework. To date, neither the synthe-
sis of a carboxylic acid bearing cystobactamid, nor that of any
epimeric cystobactamid pair, have been reported.

Following our previous work on the synthesis of cystobac-
tamid 861-2 (5),>° we sought to construct both epimers of the
reported structure of cystobactamid 920-2 using a similar ap-
proach. Thus, the synthesis of both methoxyaspartate epimers,
10 and 12, began with methyl cinnamate (6) (Scheme 1).
Similar to our earlier strategy, we envisaged that the phenyl
ring in @ would ultimately act as an effective masked carboxyl
group, which may be unveiled at a later stage through chemos-
elective Kuhn—Roth oxidation.”

For synthesis of the 2S,3S-epimer 10, a-acetoxy-B-bromo
methylester @ was first prepared from 6 following a known
procedure,® which began with Sharpless asymmetric dihydrox-
ylation as the key step (Scheme 1, part A). Nucleophilic sub-
stitution of the benzylic bromide with NaNj; yielded ester &
with inversion of configuration, and saponification followed
by t-butyl ester formation delivered azide 9. Notably, the latter
transformation was sensitive to azido elimination under acidic
conditions, necessitating use of the milder reagent Me,N-
CH(OtBu),. Under optimised conditions, we were pleased that

this ester switch proceeded in 87% yield over two steps. With
t-butyl ester ® in hand, selective oxidation of the pendent
phenyl ring to a carboxylic acid with RuCl; and NalO, allowed
us to simultaneously introduce the second carboxyl group of
the methoxyaspartate linker, and to maintain its differentiation
from the existing carboxyl moiety. This rarely employed trans-
formation proceeded with remarkable chemoselectivity and
yielded amine 10 after O-methylation and Staudinger reduc-
tion of the azido group.

Scheme 1. Preparation of the two epimeric methoxyaspar-
tates.

A. Synthesis of (25,3S)-10: a. NaN3, DMF, 40 °C
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B. Synthesis of (25,3R)-12: a. KOH, THF/H,0, 0°C, 5 h
b. Me;NCH(OfBu)y, toluene

80 °C, 8 h (71% for 2 steps)
c. RuClg, NalO, CH3CN, CHCly
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Synthesis of the 2S,3R-diastereomer 12 was accomplished
through extension of our existing route to azide 11 from
methyl cinnamate (6).>° Saponification and t-butyl ester for-
mation paved the way for Kuhn—Roth oxidation, and the re-
sulting carboxylate was advanced to amine 12 through O-
methylation and Staudinger reduction (Scheme 1, part B).

With both epimers in hand, we proceeded to couple the east-
ern and western polyaromatic fragments in a stepwise ap-
proach. Best results for the first coupling reaction were real-
ized when acid 13" was activated with ethyl chlorocarbonate,
then added to freshly-prepared methoxyaspartate amines 10
or 12 in DMF (Scheme 2 and 3). Under these conditions,
amides 14 and 17 were accessed in good yield from amines
10 and 12, respectively, after t-butyl ester elimination. Com-
pound 14 was then coupled to the known polyaromatic aniline
fragment 13 after activation with PPh;Cl, to give amide 16.
However, under these same conditions, we were surprised to
find that the epimeric acid 17 reacted exclusively at the phe-
nol oxygen of 13. In order to circumvent this issue, we had to
employ the known allyl protected aniline fragment 18*¢ in-
stead. Thus, activation of 17 with POCIl; in the presence of
DIPEA and subsequent addition of 18 afforded the desired
amide 19 in 59% yield.

Subsequent hydrolysis of the aspartate methyl ester proved
to be challenging. Under conditions typical for base hydroly-
sis, the amino acid linker was highly sensitive to epimeriza-
tion, resulting in a mixture of isomers that were difficult to
separate on a preparative scale. We found that the exception-
ally mild reagent Me;SnOH was best suited to affect methyl
ester hydrolysis, although partial epimerization could not be



completely suppressed. After some optimization, methyl ester
16 was successfully hydrolyzed with Me;SnOH in 1,2-
dichloroethane at 80 °C, and t-butyl ester elimination afforded
the 2S,3S-isomer of the originally assigned structure of cysto-
bactamid 920-2 (3a).

Scheme 2. Preparation of 2S,3S isomer-3a.
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Scheme 3. Preparation of 2S,3R-isomer 3b.
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Compound 19 was similarly advanced to the 2S,3R-isomer
of the originally assigned structure of cystobactamid 920-2
(3b), although for purification purposes, it was advantageous
to perform methyl ester hydrolysis in the final step. Applying
stoichiometric PhSiH; as a scavenger in the palladium cat-
alyzed deallylation of 19 was troublesome, leading to partial
reduction of the aryl nitro group. Rather, aniline was found to
be superior, resulting in a clean transformation to the desired
product on treatment with Pd(PPhs),. Curiously, hydrolysis of
the remaining ester was also complicated by inadvertent alky-
lation of 1,2-dichloroethane (solvent) to the exposed phenol
group under our previously optimized conditions; necessitat-
ing the use of toluene as solvent in this reaction. Owing to its
poor solubility, the final product 3b was isolated in pure form
using a combination of different chromatographic techniques
(see Supporting Information).
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Comparison of the 'H NMR spectra of natural cystobac-
tamids 920-1 and 920-2 with synthetic 3a revealed significant
differences (Figure 2, part A). This included the chemical shift
values (8; designated with * for natural 920-1 and * for natural
920-2) of one N-H amide proton, 8.34 (d, J = 8.9 Hz, 1H.\u)
compared to 8.72% (d, J = 8.67 Hz, 1H.x) and 8.47* (d, J = 8.1
Hz, 1H.nu), and one of the C—H protons in the methoxyaspar-
tate hinge region, 4.48 (d, J = 4.6 Hz, 1H.cy) compared to
4.13% (d, J = 8.05 Hz, 1H.cx) and 4.31* (d, J = 5.0 Hz, 1H.cy)
(see atoms marked in grey in Fig. 2). From this we ultimately
concluded that synthetic 3a is a diastereomer of natural cysto-
bactamid 920-1. This was confirmed when comparing the 'H-
NMR spectra of synthetic 3b with natural samples of cysto-
bactamids 920-1 and 920-2 (Figure 2, part B). Again, the
amide proton and CHOMe group in the methoxyaspartate
hinge region were diagnostic elements. Clearly, isomer 3b
matches the authentic cystobactamid 920-1 and not its consti-
tutional isomer cystobactamid 920-2, as it was originally pro-
posed. Our side-by-side comparison confirms that: a) the rela-
tive configuration of the methoxyaspartate unit in both cysto-
bactamids 920-1 and 920-2 is 2S,3R; and b) the constitutional
assignment of each natural product must be reassigned to the
structures depicted in Figure 1.
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Figure 2. Comparison of the '"H-NMR regions of: A) synthetic
3a (blue) and B) synthetic 3b (blue), with natural cystobactamids
920-1 (red) and 920-2 (green). Left region: NH proton, right re-
gion: CHOMe proton (marked grey in the above structure).

To better understand the difficulty of structural elucidation
in this family of compounds, we explored a conformational
analysis of cystobactamid 920-1 (3) using the Schrodinger
suite'” maestro 9.8 computational model with the mixed tor-
sional/low-mode sampling conformational search (LMCS)
method and force field OPLS2005." Water was chosen as sol-
vent and energy potentials were optimized for simulation in
solution (OPLS2005) to improve the quality of force field pa-
rameters.'*> We expected an out-of-plane orientation of the
aromatic rings of 3 that might also accommodate a helical
conformation. Indeed, our calculations showed that the aro-
matic rings of cystobactamid 920-1 (3) are not likely to pref-
erentially be oriented in-plane. The calculations also revealed



that the helical shape is stabilized through intramolecular hy-
drogen bonds between an NH and the phenolic group of the
adjacent chain and another NH group of ring e with the iso-
propoxy group of ring b (Figure 3, and numbering see figure
1).

Calculating the ten lowest energy conformers of cystobac-
tamid 920-1 (3), we discovered, that the terminal aminoarene
unit of the eastern fragment has greater conformational flexi-
bility compared to the benzene rings of the western part. This
observation is consistent with the work of Wilson and cowork-
ers, who found similarly enhanced conformational flexibility
in the terminal rings of oligobenzamides.'® Furthermore, the
western peptide unit of cystobactamid 920-1 rotates backward
to form a loop around the hinge region, such that both aro-
matic hemispheres are stacked on top of each other. This loop
appears to be stabilized by intramolecular hydrogen bonds and
hydrophobic interactions between the two chains (Figure 3). It
was also possible to observe distant through-space interactions
of the two polyaromatic segments using ROE spectroscopy. It
is clear from the ROE spectrum of the natural compound that
the amide proton at 9.58 ppm interacts with phenyl protons of
the ring vis-a-vis that resonate at 7.89 ppm as shown in Figure
3c. It must be noted that for geometrical reasons a ROE be-
tween this amide proton and the protons of the adjacent aro-
matic is not possible.
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Figure 3. a) Lowest energy conformation (lowest energy con-
former on the left and higher energy conformer on the right) of
cystobactamid 920-1 (3) in the initially published 2S5, 3S configu-
ration. The calculations show that both aromatic chains stack on
top of each other, forming a loop around the hinge region. This
loop is observed in calculations for all possible combinations of
absolute configuration of the two stereocenters. b) Magnification
of the hinge region with the two stereogenic centers and c) ob-
served ROE of the natural compounds.

In summary, total synthesis of cystobactamid 920-1 (3a)
and its epimer (3b) allowed an unambiguous assignment of
the relative and absolute configuration of the central
methoxyaspartate unit of cystobactamid 920-1, and prompted
revision of the original constitutional assignment of cystobac-
tamids 920-1 and 920-2. A careful structural analysis using
both NMR and computational techniques provided insight into
the unique helical backflip conformation of the cystobac-
tamids, which exhibit hydrogen bond interactions between the
two polyaromatic arms. This strong out-of-plane preference
results in an altered conformation of the methoxyaspartate
hinge region, and has previously led to misconception in the
structural assessment of this family of natural products.
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