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Abstract: Chemical mediators are key compounds for
controlling symbiotic interactions in the environment.
Here, we disclose a fully stereoselective total synthesis
of the algae differentiation factor (—)-thallusin that
utilizes sophisticated 6-endo-cyclization chemistry and
effective late-stage sp’—sp’-couplings using non-toxic
reagents. An ECs, of 4.8pM was determined by
quantitative phenotype profiling in the green seaweed
Ulva mutabilis (Chlorophyte), underscoring this potent
mediator‘s enormous, pan-species bioactivity produced
by symbiotic bacteria. SAR investigations indicate that
(—)-thallusin triggers at least two different pathways in
Ulva that may be separated by chemical editing of the
mediator compound structure. )

Chemosynthetic symbioses of microorganisms are central
to the stability, dynamics, and diversity of marine
ecosystems.I'l Prominent examples are macroalgae that
populate marine intertidal zones.”! Notably, the growth,
differentiation, and morphogenesis of these macroalgae
strongly depend on their interaction with symbiotic
bacteria.’! Research suggests these symbionts secrete hor-
mone-like  chemical mediators that influence the
macroalgae.*”! Understanding such factors is of highest
relevance for marine ecology (“green tides”)! as well as for
algal biotechnology applications.["®!

Among them, (—)-thallusin (1, Scheme 1) is a potent
morphogen that induces stable thallus formation in Mono-
stroma oxyspermum (recently reclassified in Gayralia
oxyspermum).’! However, in the more widespread alga Ulva
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Scheme 1. (—)-Thallusin (1) and retrosynthetic planning featuring 6-
endo ring closures. Abbreviations: ACN =CH,CN, DBU=1,8-
diazabicyclo[5.4.0Jundec—7-ene, DMAP = dimethylaminopyridine,

DMF =dimethylformamide, DMSO = dimethylsulfoxide, Im =imida-
zole, NIS= N-iodosuccinimide, NMO = N-methylmorpholine-N-oxide,
nOe =nuclear Overhauser effect, TBAF =tetrabutylammoniumfluoride,
TBS =tert-butyldimethylsilyl, THF =tetrahydrofuran, TMS =trimeth-
ylsilyl, TPAP =tetra-n-propylammonium-perruthenate.

mutabilis, thallusin promotes cell wall growth and rhizoid
formation instead, indicating a species-dependent pheno-
typic activity of this chemical mediator."'] In combination
with the symbiotic bacterium Roseovarius sp. MS2, thallusin
promotes complete morphogenesis.”! Without thallusin, cell
wall protrusions occur in Ulva and no rhizoid is formed.
Thallusin itself is secreted by symbiotic bacteria such as the
Cytophaga sp. strain YM2-23, Zobellia spp. or Maribacter
spp., complementing the tripartite community.*™! Up to
now, thallusin cannot be realistically obtained by fermenta-
tion (yield <1 pgL™), severely impeding its study and
application.

The first report on a chemical synthesis produced
(+)-thallusin from sclareol oxide (2, Scheme 1), a degrada-
tion product of readily available (—)-sclareol."” This work
confirmed the stereochemistry of 1 but produced ent-
thallusin that was biologically inactive in M. oxyspermum.
Racemic thallusin was then synthesized by using a Hg*"
-mediated polyolefin cyclization."” Chiral resolution of a
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late-stage intermediate later gave access to enantiopure (—)-
thallusin.'"! Here, we report on the first fully stereo- and
enantioselective synthesis of (+)- and (—)-1 using novel
chemistry. The bioactivity of thallusin derivatives was then
investigated in a model system for macroalgal morpho-
genesis of U. mutabilis."” We present the first SAR data
indicative of pathway-selective activity of (—)-thallusin.

Thallusin’s structure (1) is uniquely composed of a
stereochemically rich terpene fragment linked to a pyridine
2,6-dicarboxylic acid via an annulated dihydropyran carbox-
ylic acid (Scheme 1). Our synthesis design focused on an
annulation of the dihydropyran ring to the terpene scaffold
using a 6-endo etherification. An inviting disconnection by
an etherification-arylation cascade!™ via 6-endo-dig ring
closure reveals alkyne precursor 3, which could be easily
obtained from S-hydroxyaldehyde 4 (path A). Alternatively,
simplification by sp’~sp*-coupling and isomerization leads to
vinyl iodide 5 that may be synthesized from stereopure
allene 6 by employing a 6-endo-trig reaction (path B)."* The
allene precursor, aldehyde 4, should be accessed from
ketone 8 that is available from dihydro-$-ionone (7) by using
an enol cyclization and chiral derivatization.!'”!

When initially exploring 6-endo-dig arylative cyclizations
of 5-hydroxyalkynes (cf. 3, path A), we observed only 5-exo
reactions to tetrahydrofurans for relevant substrates.'! We
hence turned our attention to path B. The necessary
precursor was synthesized from dihydro-g-ionone (7,
Scheme 2) and converted to ketone (+)-8.'" Its enantiomer
was similarly available on a gram scale (Supporting
Information). In order to reliably install the equatorial
tertiary alcohol, hydroxyketone 8 was protected and meth-
enylated to give exocyclic alkene 9 (80 % yield).

Selective a-face epoxidation of alkene 9 followed by
reductive opening exclusively provided alcohol 10 (77 %
yield), for which nOe experiments confirmed the stereo-
chemistry of the methyl groups. The key aldehyde 4 was
obtained by Swern oxidation."” Its enantiomer was alter-
natively available by degradation of sclareolide (11, Sup-
porting Information). Direct conversion attempts to an
allene (cf. 6) were unsuccessful (Supporting Information).
However, chelation controlled (12) diastereoselective addi-
tion of lithiated TMS-acetylene gave alcohol 13 as a single
isomer. Mosher ester analysis®! confirmed the stereochem-
istry (R, Supporting Information). Conversion to acetate 14
and consecutive Sy2'-substitution with a cuprate derived
from Grignard reagent 15 provided allene 16 as a single
isomer. Tamao oxidation®! and silylation provided the
desired allene 6.

Allene activation by soft Lewis acids was envisioned to
produce a functionalized dihydropyran in a 6-endo-trig
fashion (Scheme 3).”? Pseudo-equatorial arrangement of
the substituents should facilitate the annelation, despite
significant steric hindrance imposed by the axial methyl
groups, via the intermediacy of side-on #’-coordinated
complex 17 featuring a distorted envelope conformation.

However, Pd’-mediated arylation™ aiming to produce
alkene 18, led to complex mixtures (Table 1, entries 1 & 2).
Au"-mediated transformations employing aryl diazonium
salt® terminators showed no conversion (entries3 & 4).
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Scheme 2. Terpenoid framework synthesis. Reagents and conditions:

a) TBSCI (1.1 equiv), imidazole (1.2 equiv), CH,Cl,, 0°C—25°C, 1 h;

b) PPh;MeBr (2.5 equiv), n-Buli (2.4 equiv), THF, 0°C—25°C, 3 h;

c) m-CPBA (1.1 equiv), CH,Cl,, —10°C, 2 h; d) LiAlH, (1.5 equiv), Et,0,
rfx., 8 h; e) (COCI), (2.5 equiv), DMSO (5.0 equiv), Et;N (10.0 equiv),
CH,Cl,, —78°C——40°C, 3 h; f) Me,SICCH (2.5 equiv), n-Buli

(2.4 equiv), —78°C——30°C, 4 h; g) TBAF (1 M in THF) (1.1 equiv),
THF, 25°C, 2 h; h) Ac,0 (1.2 equiv), Et;N (2.2 equiv), DMAP (1 mol%),
CH,Cl,, 0°C to 25°C, 1 h; i) 15 (2.0 equiv), Cul (4.0 equiv), LiBr

(4.0 equiv), THF, 0°C—25°C, 2 h; j) H,0, (30% in H,0), KF

(2.0 equiv), KHCO; (1.0 equiv), MeOH/THF (1:1), 20°C, 8 h; k) TBSCI
(1.1 equiv), imidazole (2.2 equiv), CH,Cl,, 0°C—25°C, 1 h.

18 (R=Ph)
19 (R=Br)
20 (R=1)

Scheme 3. Lewis-acid mediated G-endo-trig allene etherification. Re-
agents and conditions: Table 1; R'=TBS; B=base.

Allene oxybromination™! successfully delivered bromide 19
in moderate yield (entries5 & 6), but as a mixture of
diastereomers. We then investigated Au-mediated cycliza-
tions, completed by iododeauration.’! After some mixed
results (entries 7-10) a pronounced solvent dependency was
noticed. Conducting the transformation in toluene provided
the desired iodide 20 in good yield (76 %) as a single
equatorial diastereoisomer (entry 11, confirmation by nOe).
We assume the low polarity solvent to favor a concerted
transformation of an #’-(r,,)-coordinated allene complex
(17) to the product, and to retard ionization to #'-(c,)-
coordinated allyl cations.”
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Table 1: Selected Lewis-acid mediated 6-endo-trig annelation experiments with allene 6.

Entry Catalyst Reagents and conditions Yield [%]"!

1 Pd(PPh,), K,COs, Phl; DMF, 80°C 0 (18)®

2 Pd,(dba), dppe (5 mol%), Cs,CO;, Phl; DMF, 80°C 0 (18)®

3 AuCIPPh, Cs,COs, [PhN,][BF,]; Acn, 50°C 0 (18)d

4 AuCIPPh, NaHCOs, [PhN,][BF,]; Acn, 50°C 0 (18)1

5 Pd(OAc), Cu(OAc),x2H,0 (2 equiv), LiBr (5 equiv), K,CO; (1.2 equiv), O, (1 atm); Acn, 25°C 56 (19)
(d.r.5:1)

6 Pd(Acn),Cl, Cu(OAc),x2H,0 (2 equiv), LiBr (5 equiv), K,CO; (1.2 equiv), O, (1 atm); Acn, 25°C 42 (19)
(d.r.5:1)

7 AuCIPPh; AgBF, (5 mol%), I,; Acn, 25°C 0 (20)®

8 AuCIPPh, AgBF, (5 mol%), NIS; CH,Cl,, —20°C 0 (20)™

9 AuCIPPh, AgBF, (5 mol%), NIS; Acn, 25°C 30 (20)
(d.r.>95:5)1

10 AuCl; AgOTf (5 mol%), NIS; Acn, 25°C 20 (20)
(d.r.>95:5)

1 AuCIPPh, AgBF, (5 mol%), NIS; toluene; 25°C 76 (20)
(d.r.>95:5) @

[a] Yield of isolated product (bracketed); [b] complex mixture; [c] no conversion; [d] determined from crude 'H NMR data.

To complete the synthesis, we found the Knochel
reagent 21 (Scheme 4) highly reactive in a Negishi coupling
with iodide 20.” Tt is available in three simple steps
(Supporting Information) and delivered the coupling prod-
uct 22 in 82 % yield, at a comparatively low loading of Pd’.
Acid-mediated desilylation gave alcohol 23 (73 % yield),
which was sensitive to f-cleavage upon oxidation, to produce
only lactone 24 (74 % yield with Griffith-Ley conditions)./*’!
However, hydrolysis of diester 23 provided stable dicarbox-
ylate 25 in quantitative yield. Interestingly, TBAF-mediated
desilylation cleanly gave monocarboxylate 26 (86 % yield).

| e, 86%

d, quant. E

h,i, 1:28 (R=H, unstable)

29 (R=Me)
tE31 (R=Na)

d, quant. {:(

76% > 5 (R=OMe)

-)-30 (R=Me)
(-1 (R=Na)

The intermediately formed lactone 27 could be isolated
(69 % yield, Supporting Information) but was found unsta-
ble above 0°C.

Alternatively, deprotection of TBS ether 20 and Swern
oxidation provided unstable aldehyde 28 that was directly
converted to the stable methyl ester 5 using Pinnick’s
oxidation,® followed by exposure to diazomethane (76 %, 4
steps, Scheme 4). Negishi coupling employing reagent 21
then efficiently gave triester 29 that cleanly isomerized to
the conjugated enol ether 30 by treatment with DBU. We
note that any attempts of sp’~sp>-couplings (Stille, Suzuki,

23 (R',R%=Me)
25 (R",R?>=Na)
26 (R'=Me,R?=H)

(unstable in H,O >0°C)

COOMe
B

“>cooMe

ZnBr-LiCl
21

(+)-30 (R=Me)
(+)1 (R=Na)

Scheme 4. Synthesis completion of thallusin. Reagents and conditions: a) 21 (3 equiv), Pd(PPh;), (10 mol%), THF, 25°C, 1 h; b) HCl (3 M in
MeOH, 3.0 equiv), 25°C, 5 h; ¢) TPAP (2 mol%), NMO (1.5 equiv), M.S. 4 A, CH,Cl,, 25°C, 5 h; d) NaOD (40% in D,0), D,0O, 100°C, 2 h; e) TBAF
(1 M in THF, 1.1 equiv), THF, 25°C, 3 h; f) TBAF (1 M in THF, 1.1 equiv), THF, 25°C, 1 h; g) (COCI), (2.5 equiv), DMSO (5.0 equiv), EtNiPr,

(10.0 equiv), CH,Cl, —78°C to —40°C, 3 h; h) NaClO, (4.5 equiv), NaH,PO, (5.0 equiv), 2-methyl-2-butene (50 equiv), ‘BuOH:H,0 (5:1), 0°C to
25°C, 2 h; i) TMSCH,N, (2.0 M in Et,0, 2.0 equiv), CsHg:MeOH (2:1), 0°C to 25°C, 1 h; j) DBU (1.0 equiv), toluene, 80°C, 24 h.
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Negishi) using conjugated enol ether intermediates in place
of deconjugated intermediates such as 5 were unsuccessful
in our hands, indicating electronic deactivation and inevi-
table strain at tetrasubstituted alkenyl halides.®"! Saponifica-
tion ultimately provided (—)-thallusin (1) as its trisodium
salt, with spectroscopic properties identical to literature
data® and indistinguishable from a sample of racemic
thallusin by LC-HRMS.™® The deconjugated isomer 31 was
similarly obtained from ester 29. Enantiomeric materials
were synthesized starting from aldehyde (+)-4 by using the
same routes.

We have recently found that in U. mutabilis, thallusin
strongly induces both rhizoid formation (holdfast organ) and
cell wall development,'”! whereas in M. oxyspermum it leads
to thallus formation (vegetative tissue).”” Therefore, we
investigated the bioactivity of all synthetic materials in Ulva,
by characterizing both algal growth and morphogenesis,
using established bioassays for this model system (Figure 1).
We discovered that (—)-1 was fully bioactive and induced
rhizoid and cell wall formation in Ulva (Figure 1 A-C),
whereas its enantiomer (+4)-1 was completely inactive even
at elevated concentrations (Figure S1), somewhat similar to
the observation in M. oxyspermum.”*!

By using quantitative phenotype analysis, dose-depend-
ency was determined in Ulva. As the concentration of (—)-1
increased, the number of protrusions decreased, and the
fraction of fully developed seedlings increased. Single fully
developed seedlings were observed for the first time at a

100 ~

R? = 0.996 C
ECy=4.920.1pM
ECyy=7.620.1 pM
80+ | 95% Confidence Interval .
B /
< 60 ] -4
e - /
= y
= /
£ 40 /
,//
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A 7t
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o
(=]
-
o
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Figure 1. Dose-response study of (—)-thallusin in Ulva mutabilis. The
formation of cell wall protrusions (A,B, arrows) indicates insufficient
amounts of (—)-1 present in the culture of axenic U. mutabilis
inoculated with Roseovarius sp. only. Microscopic pictures (A-C) are
representative examples of the dose-dependent effect of (—)-thallusin.
Error bars represent the mean+SD (N=3). In total, 45+ 6 specimens
were investigated per biological replicate for each data point.
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minimum effective concentration (MEC) of 2.00 pM (Fig-
ure 1). An ECs, value for activation of 4.94+0.1 pM and an
ECy, value of 7.6+0.1 pM were determined (Figure 1B, C).
The ECs, value of racemic 1 was twice as high as (—)-1.
These data confirm an exceptionally high potency of (—)-1
in U. mutabilis.™™!

We then investigated the growth induction properties of
synthetic thallusin and its derivatives compared to algal
cultures grown in the presence and absence of Maribacter
sp. (Figure2). In addition, we analyzed the different
phenotypes in detail by cell microscopy (Supporting In-
formation, Figures S1, S2). We found three different activity
categories: (i) no phenotypic activity, (ii) induction of cell
wall and rhizoid formation, (iii) moderate stimulation of
longitudinal growth in addition to the growth promoting
activity of Roseovarius sp. All (4)-thallusin derivatives and
a large fraction of (—)-thallusin derivatives were inactive,
prominently those with alkylated carboxy groups. Notably,
triester (—)-30 was completely inactive in U. mutabilis,
whereas it still showed weak activity in M. oxyspermum,!®!
making the carboxylates mandatory for activity in Ulva.

Interestingly, compound 31, being isomeric to (—)-1,
retained the properties of (—)-thallusin, suggesting that the
carboxylic acid geometry is not fully constrained. We were
then intrigued to find that primary alcohol 25 was still
prominently inducing growth in Ulva but was not inducing
rhizoid formation or cell wall development (Figure S2). In
the context of available SAR data for thallusin,'>*? this
discovery suggests that the elusive receptor or pathway
processing the chemical signal has two distinct outcomes in
Ulva. These may be selectively triggered with small-mole-
cule ligands.

20

b —— Growth v, Rhizoids v, Cell wall v
b . === Growth v, Rhizoids x, Cell wall x
15 b == Growth x, Rhizoids x, Cell wall x
£
£ é a
£ 104 %
o)
=
@
)
0 I |

O 0O N/
e A" f\'b\/\%(\ﬂ'\’\l(\ﬂ' :«\"o”’ @
Thallusin Derivatives

Figure 2. Longitudinal growth of Ulva mutabilis in the presence and
absence of thallusin and its derivatives, which replaced Maribacter sp.
within the tripartite community of Ulva-Roseovarius-Maribacter. Com-
pounds (—)-1 and (—)-31 (green) promoted growth and cell differ-
entiation like the positive control (see also Figure S2), whereas (—)-25
promoted additional growth only (orange). All other tested compounds
were inactive (blue). NC (negative control): Axenic U. mutabilis+ Rose-
ovarius sp.; PC (positive control): tripartite community Ulva-Rose-
ovarius-Maribacter. Box-whisker plots display the 90/10 percentile at the
whiskers, the 75/25 percentiles at the boxes, and the median in the
centre line. Multiple comparisons with NC were performed by
Dunnett’s test (N=10-20, p <0.05). Equal letters indicate no signifi-
cant differences.
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In summary, we have developed a novel, fully stereo-
selective synthesis of thallusin that employs a hydroxyalde-
hyde (4) as a potentially exchangeable key intermediate.
Dihydropyran annulation was realized by stereoselective
allene formation and a unique 6-endo etherification. Late-
stage functionalization with a dipyridine carboxylic acid was
optimized for using tin-free reagents and low amounts of Pd
in reliable cross-couplings. The bioactivity data obtained in
U. mutabilis suggests that thallusin triggers distinct functions
in different green macroalgae. We conclude that thallusin
activates at least two distinct pathways in Ulva spp., namely
the induction of longitudinal growth and the differentiation
of rhizoid and cell formation. The synthesis described herein
will pave the way for a more in-depth investigation of this
highly intriguing chemical mediator.
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