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Abstract

Ladderane lipids produced by anammox bacteria constitute some of the most structurally
fascinating yet poorly studied molecules among biological membrane lipids. Slow growth of the
producing organism and the inherent difficulty of purifying complex lipid mixtures have
prohibited isolation of useful amounts of natural ladderane lipids. We have devised a highly
selective total synthesis of ladderane lipid tails and a full phosphatidylcholine to enable
biophysical studies on chemically homogeneous samples of these molecules. Additionally, we
report the first proof of absolute configuration of a natural ladderane.

Ladderane lipids, named for the ladder-like polycyclobutane motifs in their hydrophobic
tails, are produced by anaerobic ammonium oxidizing (anammox) bacteria as a significant
fraction of their membrane lipids.! In a large intracellular compartment called the
anammoxosome, anammox bacteria couple ammonium and nitrite to produce dinitrogen as
their principle source of energy.2 Experimental and computational evidence suggests that
ladderane lipids form a densely packed membrane around the anammoxosome and serve to
limit the transmembrane diffusion of toxic or valuable metabolites from anammox
catabolism.3 Ladderane lipids likely impart a number of previously unobserved
characteristics in membrane settings, but their biophysical characterization has been
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hampered by a lack of access to pure material.38 An axenic culture of anammox bacteria is
not available, and growth rates of enrichment cultures in laboratory reactors are slow
(doubling times on the order of 1-2 weeks).# Furthermore, anammox bacteria produce an
array of ladderane and nonladderane lipids, which have proven inseparable on a preparative
scale.32 To circumvent these difficulties, we designed a synthetic route that would allow us
to access any ladderane lipid.

Ladderane phospholipids (e.g., 1, Scheme 1) isolated from anammox enrichment cultures
comprise a mixture containing [5]-ladderane tails, as in acid 2, and [3]-ladderane tails, as in
alcohol 3; the nomenclature refers to the number of cyclobutane rings at the terminus of the
chain.1® Typically, a [3]-ladderane is attached to the central s/+2 position by an ether
linkage; [5]- and [3]-ladderane lipids, as well as common straight-chain lipids, are found
ether- or ester-linked at the sn-1 position. Polar head groups at the s7-3 position include
phosphocholine, phosphoethanolamine, and phosphoglycerol.

Innovative synthetic efforts from Corey and Mascitti resulted in a racemic synthesis of [5]-
ladderanoic acid ()-2 and an enantioselective synthesis, which utilized preparative chiral
stationary phase high-performance liquid chromatography to produce ~20 mg ent-2.% No
synthesis of a [3]-ladderane lipid has been reported. Despite attempts toward its elucidation,
the biosynthesis of ladderanes remains unsolved.’

An outline of our retrosynthetic strategy is illustrated in Scheme 1. For both 2 and 3, we
planned to install the linear alkyl component at a late stage and focused first on the
polycyclic cores. We targeted the symmetric pentacycle 4, which consists of all of the
cyclobutanes in the [5]-ladderane core, as a key intermediate, which we hoped to construct
by dimerization of bicyclohex[2.2.0]ene 5. For [3]-ladderanol 3, retrosynthetic installation of
two ketones and an alkene on the cyclohexane ring as in 6 enabled two key disconnections: a
conjugate addition reaction to install the linear alkyl chain and an enoneolefin [2 + 2]
photocycloaddition between a benzoquinone equivalent (7) and bicyclohexene 5.

Having identified 5 as a key building block for the synthesis of both ladderane tails, we first
developed a procedure to obtain this strained olefin in large quantities.® Our optimized route
commences with diol 8 (Scheme 2), which is commercially available or easily accessible
from the photocycloadduct of ethylene and maleic anhydride (see Supporting Information).
In three steps, we reached a-chlorosulfoxide 9 as an inconsequential mixture of
diastereomers. Treatment of 9 with excess potassium fert-butoxide effected an atypical
sulfoxide Ramberg—Bécklund olefination providing, after distillation, over 15 g of 5 per
batch. The use of a sulfoxide in place of the typical sulfone precursor was crucial for high
yields in this transformation. The observation that the sulfoxide variant of the Ramberg—
Backlund reaction excels in constructing strained cyclobutenes was first made by Weinges in
the early 1980s, but this procedure has seen no use in synthesis.®

To accomplish the conversion of 5 to [5]-ladderane core 4, we hoped to employ a procedure
developed by Salomon and Kochi for the dimerization of strained, but otherwise unactivated,
olefins.10 Unfortunately, irradiation of THF or ether solutions of 5 with 254 nm light in the
presence of catalytic copper(l) triflate (CuOTf) resulted exclusively in the formation of 1,3-
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cyclohexadiene (10) and a mixture of hexatriene isomers (11) (Table 1, entries 1 and 2).
Encouragingly, small amounts of 4 could be observed in reactions conducted in
noncoordinating heptane (entry 3). In a key discovery, we found that the electrocyclic ring
opening of 5to 10 is mediated by CuOTf even in the absence of light and that this undesired
pathway could be slowed at temperatures below 0 °C (entries 4-6). Reactions performed in
toluene, despite its high absorbance cutoff (284 nm), delivered 5 in an improved 28% yield
(entry 7). Surprisingly, the reaction proceeds optimally in benzene, which is frozen under
these conditions (entry 8).11 The [5]-ladderane pentacycle 4 can thus be obtained in 42%
isolated yield. The fact that we see more than one turnover of the CuOTf catalyst seems to
indicate that there is some degree of mobility in the solvent matrix. No reaction occurs in the
absence of catalyst. Despite its moderate efficiency, this transformation is highly enabling:
the entire pentacyclobutane core is assembled in just five steps.

Tetramesitylporphyrinatomanganese(l11) chloride-catalyzed C—H chlorination according to
Groves’ procedurel? was uniquely capable of functionalizing 4 and provided 40% of an
intermediate chloroladderane along with 18% recovered 4. This is the first report of this
chemistry on a cyclobutane. Subsequent elimination with potassium fert-butoxide delivered
olefin 12 (Scheme 2). Desymmetrization of 12 was accomplished by enantioselective
hydroboration with a recently disclosed copper-DM-SEGPHOS catalyst,13 which delivered
pinacolboronic ester 13 in 95% yield and 90% ee. We employed a Zweifel olefination to
install the 8-carbon alkyl chain.1# Following deprotection of the primary alcohol, we
obtained alkene 14 in 88% yield over two steps. Hydrogenation with Ra—Ni yielded a
crystalline [5]-ladderanol intermediate (X-ray: Supporting Information). Subsequent Jones
oxidation completed our synthesis of the [5]-ladderanoic acid 2.

Our synthesis of [3]-ladderanol 3 (Scheme 3) centered on the use of chiral
dibromobenzoquinone 16 both as a [2 + 2] partner for a high-yielding photocycloaddition
with bicyclohexene 5 and as a means to relay stereochemistry into the [3]-ladderane core.
Enantioenriched 16 is easily accessible from known lipase-resolved dibromodiol (-)-15
following oxidation.1> Both 7 faces of 16 are equivalent, and photocycloaddition with 5
from either side provides the same enantiomer of dibromodiketone 17. Upon treatment with
pyridine, 17 undergoes selective elimination via proton abstraction from the convex face to
form vinyl bromide 18 with slight erosion of enantiopurity. Enabled by the Co-symmetry of
16, this two-step sequence effectively achieves an enantioselective [2 + 2] cycloaddition to
desymmetrized 18.

Initial attempts to install the linear alkyl chain by Negishi cross-coupling were accompanied
by significant loss of enantiopurity (80% ee 18 to +30% ee 19, Table 2, entry 1). We
reasoned that two pathways might be competing: (1) palladium-catalyzed cross coupling at
the site of bromine substitution and (2) uncatalyzed addition of the alkylzinc iodide reagent
at the unsubstituted position, followed by elimination of HBr.16 Indeed, treatment of 18 with
an alkylzinc iodide reagent in the absence of catalyst delivered 19 with inversion of the
substitution pattern (entry 2). Alternatively, replacing the nucleophilic zinc reagent with a
potassium trifluoroborate salt resulted in an enantioretentive Suzuki cross-coupling (entry
3). The absolute configurations of intermediates 18 and 19 (as the crystalline derivative 20,
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Scheme 3) were confirmed by X-ray crystallography. All that remained to elaborate 19to a
[3]-ladderane was the complete reduction of the six-membered ring. While attempting a
double Wolff-Kishner reduction on bis-hydrazone 21 (Scheme 3), we discovered instead the
formation of a trace amount of 1,3-cyclohexadiene 22, which arose from an apparent 2-
electron oxidation and release of two molecules of dinitrogen. After extensive optimization,
we arrived at commercial Cu-TMEDA as an effective oxidant and 1,4-cyclohexadiene as a
hydrogen atom source for this transformation. The resulting diene 22 underwent
diastereoselective hydrogenation under action of Crabtree’s catalyst. Finally, cleavage of the
PMB ether completed our synthesis of [3]-ladderanol 3.

The glycerol stereocenter of ladderane phospholipids has been established to be (#), as
drawn in 1, which is consistent with other prokaryotic membrane phospholipids.1” However,
the absolute stereochemistry of the ladderane tails has remained unknown. With the goal of
completing this assignment, we conducted a lipid extraction of biomass from an anammox
enrichment culture grown over four months in a laboratory-scale bioreactor.1® Cognizant
that [3]-ladderane glycerol diol 23 (Scheme 4, top) is one of the most readily separable
components of ladderane lipid mixtures,1® we treated our crude extracts directly with
lithium aluminum hydride to reduce all ester and phosphoester linkages and enrich for 23.
From 80 g of dried biomass, we obtained a sufficient amount of 23 for an optical rotation
([a]p?* = +14.1). Synthetic 23 prepared via alkylation of glycerol 24 with [3]-ladderanol
mesylate 25 was also found to be dextrorotatory ([a]p2* = +12.4 at 88% ee), which
established the natural configuration of 23 as drawn.

Natural [5]-ladderane alcohol from our extracts was inseparable from the corresponding [3]-
ladderane alcohol and other straight-chain lipid alcohols. To the best of our knowledge,
natural [5]-ladderane, first characterized as its methyl ester, has never been completely
separated from contaminating [3]-ladderane methyl ester,1:52 which makes synthesis the
only way to obtain pure [5]-ladderane lipids. We have assumed by analogy to 3 that the
configuration of natural 2 is as drawn (levorotatory).

More than 20 mg of natural ladderane phosphatidylcholine lipid 1 was readily prepared by a
short sequence (Scheme 4, bottom). Alkylation of the enantiopure glycerol derivative 26
with mesylate 25 installed a [3]-ladderane at the s+2 position. Removal of the trityl group
and esterification with 2 installed a [5]-ladderane at the sr+1 position. Removal of the PMB
group and installation of the phosphocholine headgroup completed the route to 1.

Despite the crystallinity of multiple synthetic intermediates toward 2 and 3, preliminary
evidence indicates that pure 1 forms fluid hydrated bilayers at ambient temperature.
Differential scanning calorimetry of aqueous dispersions of 1 revealed a single transition at
9.3 °C. Glass-supported bilayers, a common model for biological membranes, of 1 showed
full fluorescence recovery after photobleaching, which indicated free lateral mobility within
the bilayer (see Supporting Information). Upon gentle hydration, 1 self-assembled into giant
unilamellar vesicles (Scheme 4, bottom and Supporting Information) with uniform
incorporation of a fluorescently labeled lipid (0.1% Texas Red DHPE). The discovery that
pure 1 self-assembles under conditions standard for natural acyclic phosphatidylcholine
lipids suggests that conventional techniques can be used to probe the biophysical properties
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of ladderane phospholipids. Efforts to validate the hypothesis that ladderanes prevent
diffusion of small anammox metabolites are underway. The synthetic route presented here
will allow efficient access to a range of natural and non-natural ladderane phospholipids thus
enabling full exploration of the structural and functional space around these fascinating
molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2
Enantiodivergent Coupling Strategies?
2 HH it H E g H
i1 i conaions PMBO Py £
] Y ;
Br H A H H EPMBO 7 H
0 0 H 0
18 (80% ee) (=19 X (+#)-19
entry nucleophile catalyst yieldb eeC
1 euso N zu  PA(OAC) + XPhos  88%  +30%
2 eMBO” N zni none 64% | -80%

3 puso”N Nerx  PACI(dppf)sCHCl,  68%  +80%

aReactions conducted with 80% ee 18.
b, . . -
Yields reflect isolated yields after silica chromatography.

cEnantiomeric excess determined by chiral HPLC.
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