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Synthesis of the Altertoxin | Framework

Maximilian Gutsche,”” Dominik Pfaff,® and Joachim Podlech*"!

Routes to the framework of perylenequinone-derived mycotox-
ins of the biphenyl type are described. 1,2,11,12-Tetrahydroper-
ylenequinone is most suitably prepared in seven steps starting
with 3-hydroxyacetophenone. Key steps are an Ullmann cou-
pling, pinacol-type cyclization, bromination, enolate reaction,
and intramolecular Friedel-Crafts cyclization. A second approach

Introduction

A number of natural products are derived from perylenequi-
none and thus from the parent perylene. Two major classes of
natural products can here be differentiated, where representa-
tives of the first one generally show intact, fully conjugated
perylenequinone moieties. Typical natural products of this type
are the calphostins! or the hypocrellins (Figure 1), where
quite a number of total syntheses have been presented for this
class of natural products”” Members of a second class of
perylenequinone-derived natural products do not show full
conjugation in the carbon core; they are partially reduced to di-,
tetra-, or hexahydroperylenequinones. Furthermore, they do
not bear additional carbon substituents and thus the twenty
carbon atoms of the parent perylene are only augmented by
the occasional presence of O-alkyl groups, especially of meth-
ylated hydroxy groups. These compounds have in common that
they seem generally to be fungal metabolites and their toxicity
is thus of relevance in invested food and feed. No total
synthesis has been published for any of these compounds,
although we are aware of some efforts made in the group of
the late Karsten Krohn." These mycotoxins can furthermore be
categorized in a number of sub-classes” where the most
relevant toxins either belong to the 1) biphenyl type, in which
two fully intact benzene rings are present in a stacked
orientation (e.g., altertoxin |, ll, or stempyltoxin 1), or 2) to the
dihydroanthracene type, where two diagonally arranged
benzene rings are present (e.g. altertoxin Ill). An overview on
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starting with 1,5-dihydroxynaphthalene yields the respective
decarbonylated core. Key steps of this 5-step sequence are
again an Ullmann coupling and a McMurry olefination. The
cleavage of the preferentially utilized hexyl protecting group
could be achieved with boron bromide.

perylene-derived mycotoxins has been
recently.”

In this manuscript we describe approaches to the altertoxin
| framework, i.e., to the core of the biphenyl-derived toxins. Our
synthetic efforts towards the altertoxin Il core are summarized

in a further publication.”

published only

Results and Discussion

In this manuscript we describe four routes leading to frame-
works A and F common to the perylene-derived mycotoxins of
the biphenyl type. The retrosynthesis for these routes is given
in Scheme 1. A first approach consists of a double intra-
molecular Friedel-Crafts-type acylation using suitable carboxylic
esters B or similarly activated intermediates. These diesters B
should be either accessible by reaction of an appropriate
biphenyl C with an alkyne D (route A) or by modification in 9,10
positions of a suitable phenanthrene precursor E (route B). The
key step of a further approach (route C) would be a McMurry
reaction of diketone G furnishing pentacycle F. Intermediate G
could be obtained by reductive coupling of a halogenated
precursor H. A last approach (route D) discussed herein includes
Grignard additions to a perylenequinone I, which might be
accessible by intramolecular Stetter reaction of J. Dialdehyde J
could be obtained by Ullman coupling of precursor K.

Following route A we needed a suitably substituted
biphenyl precursor C. Methoxy groups in the para positions of
the biphenyl should be cleaved in a late stage of the total
synthesis which would liberate the hydroxy groups at the
respective positions in the perylenequinone derivatives. Further
substituents in one or two of the biphenyl's ortho positions
should allow for [4+ 2] cyclizations with alkynes. A plethora of
methods had been proposed for the transformation of biphenyl
derivatives with alkynes to yield phenanthrene derivatives. We
picked three of these methods: a first one, in which an ortho-
iodinated biphenyl 8 is used as precursor, a second approach
using a 2,2-diiodinated biphenyl derivative 9, and a last
method utilizing carboxylic acid 24.

We started with commercially available 4-methoxy-2-nitro-
aniline (1), which was subjected to a Sandmeyer bromination®
to bromide 2, where subsequent reduction of the nitro group

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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furnished aniline 3 (Scheme 2).”! The coupling partner for a
Suzuki coupling, 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (4a), was obtained by halogen-metal exchange
of 4-bromoanisol with butyl lithium followed by transmetalation
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(iPrOBpin)." Suzuki coupling of bromide 3 and boronate 4a
could be achieved with standard conditions"” and gave
biphenyl 5 with 85% yield, which was then transferred into
ortho-iodobiphenyl 8.

Direct Ullmann coupling of bromide 2 yielded 2,2’-dinitrobi-
phenyl 6,7 where the excellent 87 % yield is most likely due to
the presence of the electron-withdrawing nitro groups." These

OH O OH O
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OH O OH O OH O
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Figure 1. A selection of perylenequinone-derived natural products.

were subsequently reduced yielding diamine 7,/ which was
subjected to a double Sandmeyer reaction furnishing 2,2'-
diiodobiphenyl 9. A careful temperature control turned out to
be crucial in the latter reaction: Performing the reaction in an
ice/NaCl bath gave a poor 23 % yield, while a significantly better
yield of 44% was obtained, when the reaction was kept at
—10°C using a cryostat.

Both iodinated biphenyls 8 and 9 should be suitable
precursors for the reaction with alkynes. Nevertheless, iodobi-
phenyl 8 could only be reacted in a test reaction with tolane
(diphenylacetylene, 10; Table 1). The published conditions
[palladium(ll) acetate, tetrabutylammonium chloride, and so-
dium acetate]"™ resulted in an excellent quantitative yield for
this alkyne, while no product at all was obtained, when these
conditions were applied to but-2-yne-1,4-diyl diacetate (11) or
1,4-bis(tert-butyldimethylsilyloxy)but-2-yne (12). The protected
hydroxymethyl groups, which would have been present in the
aspired phenanthrenes 15 and 16, respectively, were intended
to be deprotected, oxidized to the respective aldehydes, and
subjected to olefinations with subsequent reduction of the
double bond to yield key intermediate B (see Scheme 1).

No significant improvement was achieved, when 2,2'-
diiodobiphenyl 9 was reacted with tolane (10), with alkyne 11,
or with di-tert-butyl oct-4-ynedioate (13). In the here applied
protocol we used tetrakis(triphenylphosphine)palladium(0),
Xantphos as ligand, and potassium carbonate as base.'® The
test reaction with tolane yielded an impure product, which
could not be purified, and reactions with alkynes 11 and 13
resulted either in a poor 15% yield or furnished no product at
all (Table 1).

In the course of our investigations,”'” it turned out that the
methoxy group is not ideal and the respective intermediates
occasionally show insufficient solubilities. Hexyloxy-substituted
substrates proved to be better suited and were (partly in
parallel to the still used methoxy group) mostly used in the due
course. A further attempt following the [4 + 2] approach should
exert a biphenyl ortho-carboxylic acid 24, which was made
accessible by protection® and bromination of 3-hydroxyben-
zaldehyde (18), and intermediately converting the carbaldehyde
group furnishing acetal 21 (Scheme 3). Suzuki coupling® with
boronate 4b (synthesized from phenol in 3 steps, depicted in
Scheme 2) yielded biphenyl derivative 22, which was cleaved®"

Table 1. [4+ 2] approach to phenanthrene derivatives.

Biphenyl Alkyne, R Conditions Phenanthrene (Yield)
8 10, Ph Pd(OAc),, Bu,NCl, NaOAc, DMF, 100°C, 66 h 14 (quant.)

8 11, CH,0Ac Pd(OAc),, Bu,NCl, NaOAc, DMF, 100°C, 24 h 15 (-)

8 12, CH,OTBDMS Pd(OAc),, Bu,NCl, NaOAc, DMF, 100°C, 66 h 16 (-)

9 10, Ph PdCl,(PPh,),, Xantphos, K,CO;, toluene, 120°C, 65 h 14 (%)

9 13, (CH,),CO,tBu Pd(PPh;),, Xantphos, K,CO;, toluene, 120°C, 78 h 17a (15%)

9 13, (CH,),CO,tBu Pd(PPh;),, Xantphos, K,CO;, toluene, 150°C, 78 h 17a (15%)

9 11, CH,0Ac PdCl,(PPhs),, Xantphos, K,CO;, toluene, 120°C, 65 h 15 (-)

24 13, (CH,),CO,tBu Pd(OAc),, acridine, Ag,CO;, DMF, 140°C, 18 h 17b (5%)

[a] The product contained impurities which could not be removed.
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Scheme 1. Retrosynthesis for the framework of biphenyl-type perylene-
derived mycotoxins.

to liberate the aldehyde function and oxidized in a Krauss
oxidation.”? Nevertheless, coupling of biphenylcarboxylic acid
24 with alkyne 13 using palladium(ll) acetate as catalyst and
acridine as ligand™®' furnished a more than disappointing 5%
yield of adduct 17b. Further tested methods following route A
turned out to be similarly unsuccessful; the respective inves-
tigations are not included herein. This approach was conse-
quently not further pursued.

Route B required the synthesis and modification of
phenanthrene derivatives. We started with 3-hydroxyacetophe-
none 25 and attached a hexyl protecting group (Scheme 4).¥
3-Methoxyacetophenone could be purchased and was used
similar as the respective hexyloxyacetophenone 26b. Bromina-
tion with N-bromosuccinimide (NBS) and iodine furnished 2-
bromoacetophenones 27,%! which were coupled in Ullmann
reactions to yield diacylbiphenyls 28."? For all Ulimann
couplings described herein we used freshly activated copper
powder, where the copper was treated with iodine and then
with acetone and concentrated hydrochloric acid."”

For the olefination we scheduled a McMurry reaction, where
the first test reaction was performed with the methoxy
derivative 28a. Reaction with titanium(IV) chloride and zinc®®
gave the desired phenanthrene 30a only with a poor 4% yield
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Scheme 2. [4 4 2] approach to phenanthrene derivatives. Conditions: a)
NaNO,, HBr (48 %), MeCN, 0°C—rt, 2 h, then CuBr, HBr (48 %), 80°C, 0.5 h,
75 %; b) Fe, NH,Cl, EtOH/H,0 (3:2), 90°C, 1 h, 94%); c) act. Cu, DMF, 170°C,
3 h, 87%; d) H,, Pd/C, EtOAC, rt, 45 h, 92%; e) NaNO,, conc. HCl, MeCN,
—10°C, 1 h, then KI, 0—80°C, 20 h, 44%; ) 4a, cat. Pd(PPh,),, K,CO,
toluene/H,0/EtOH (3:2:1), 100°C, 21 h, 85%; g) NaNO,, 4 M HCl, THF/H,0
(1:2),0°C, 1.5 h, then KI, 0°C—rt, 18 h, 68 %; h) see Table 1.
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Scheme 3. Synthesis of biphenylcarboxylic acid 24. Conditions: a) C¢H,;Br,
K,COs, DMF, 80°C, 18 h, (—19), quant.; b) Br,, AcOH, rt, 48 h, 86 %; c) glycol,
TosOH, toluene, reflux, Dean-Stark trap, 24 h, 67 %; d) 4b, cat. Pd(OAc),,
SPhos, Cs,CO,, dioxane/H,0 (6:1), 70°C, 17 h, 78 %; e) 5% HCI, THF, rt, 24 h,
(—23), 92%; f) NaClO,, NaH,PO,, isobutene, tBUOH/THF/H,0 (4:2:1), rt, 18 h,
91 %.

together with 68% of the pinacol coupling product 29a
(Scheme 5, central reaction arrow).?” The resulting mixture,
mainly consisting of pinacol 29a, was reduced with
triethylsilane® to phenanthrene 30a, where a yield of 58%
(two steps) was achieved (reaction sequence given on top of
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Scheme 4. Olefination approach to phenanthrene derivatives. Conditions: a)
CgHi3Br, K,CO3, DMF, 90°C, 18 h, 78%; b) NBS, I,, MeCN, rt, 18 h (PG=Me,
27 a: 95%; PG=C¢H,3, 27 b: 69%); c) act. Cu, DMF, 175°C, 16 h (52%, 51 %,
resp.); d) details are given in Scheme 5; e) NBS, AIBN, CCl,, 90°C, 18 h (94 %,
80%); f) tBUOAC, LDA, THF, —78°C, 1.5 h, then 31a,b, THF, —78°C—rt, 17 h
(74%, 84%); g) P,0s in MeSO;H, 60°C, 3 h, 74%.

28a b

28-30a: R = Me, b: R = CgH43

Scheme 5. Olefination of diacetylated biphenyls. Conditions: a) Zn, TiCl,,
pyridine, reflux, 18 h (PG=Me, 29a: 68 %, 30a: 4 %); b) Et,SiH, BF;-OEt,,
CH,Cl,, 0°C—rt, 1 h, [PG=Me, 30a: 58% (2 steps from 28a); 95 % (from
29a); PG=C¢H,3, 30b: 90% (from 29b)]; ¢) Zn, ZnCl,, THF/H,0 (1:1), rt, 3 h
(PG=Me, 29a: 98%; PG = C¢H,5, 29 b: 85%).

Scheme 5). Nevertheless, best results were obtained, when we
directly aimed for a pinacol coupling using zinc together with
zinc chloride™ and then reduced the diol with triethylsilane to
phenanthrene 30. Yields of 95% (PG=Me) and 77% (PG=
CgH,3), respectively, were here obtained over two steps. It could
be noted that the NMR spectra of 29 showed signals of only
one diastereoisomer. A Corey-Winter reaction, which would
require a cis arrangement of the hydroxy groups,® was not
successful, giving some evidence for the trans arrangement in
diols 29. Further evidence in this regard came from findings
described in the text to Scheme 8 (vide infra).
9,10-Dimethylphenanthrenes 30 were doubly brominated in
a Wohl-Ziegler bromination with NBS and azobis(isobutyro-
nitrile) (AIBN) as radical starter.®” The resulting dibromides 31
were reacted with the lithium enolate of tert-butyl acetate,
yielding diesters 17 with good yields.®” They were subjected to
double Friedel-Crafts acylations aiming for pentacycles 32,

Eur. J. Org. Chem. 2023, 202301052 (4 of 8)

where we used Eaton’s reagent, i.e., a solution of phosphorus
pentoxide in methanesulfonic acid, as activating agent.*
However, the latter reaction was only successful with hexyl-
protected derivative 17b; methoxy derivative 17a showed a
poor solubility preventing clean cyclization.

Route C (Scheme 1) was planned around a McMurry
reaction installing the pentacyclic core. For this we started with
commercially available 1,4-dihydroxynaphthalene (33), which
was partially hydrogenated to 5-hydroxytetralone and pro-
tected with the hexyl group (Scheme 6)."” The respective
methyl-protected derivative 34a could be purchased and the
further sequence was followed with both protecting groups.
We used the proven sequence (vide supra), where protected
tetralones 34 were brominated with NBS, coupled in Ullmann
reactions, and subjected to olefinations. The McMurry reaction
turned out to work well in this case and furnished pentacycles
37 with 63 and 819%, respectively. Here we proved that the
hexyl group is easily removed to deliver the unprotected
hydroxylated perylene derivative 38. This was achieved with
boron tribromide® with 95% yield. This reagent is thus not
only suitable for the cleavage of methoxy but similarly for
hexyloxy groups derived from phenols. First attempts to oxidize
the benzylic positions in tetracycle 37b and to create an
alternative access to dicarbonyl 32b unfortunately turned out
to be unsuccessful with a variety of tested oxidizing agents
[e.g., chromium trioxide, potassium permanganate, 2-iodoxy-
benzoic acid (IBX), or 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ)]. Apparently, 37b contains too many reactive
positions to easily achieve a clean oxidation at this stage.

We followed a further route to diol 29b via the respective
phenanthrenequinone 42 (Scheme 7, route D). Here we started
with the already mentioned bromobenzaldehyde 20 (see
Scheme 3) which was coupled in an Ullmann reaction to yield
dialdehyde 39. Unfortunately, this coupling furnished the
product with a side product, which could neither be identified
nor separated by chromatography. We thus used a somewhat

Scheme 6. McMurry approach from binaphthyl derivatives. Conditions: a) H,
(6 bar), cat. Pd/C, ag. NaOH, iPrOH, 70°C, 14.5 h; b) C¢H,5Br, K,CO,, acetone,
reflux, 7 h, 74% (2 steps); ¢) NBS, MeCN, rt, 24 h, (PG=Me, 35a: 98 %;

PG =C¢H,3, 35b: 91%); d) act. Cu, DMF, reflux, 3 h, (PG=Me, 36a: 63 %;
PG=C¢H,;, 36b: 96 %); e) Zn, TiCl,, pyridine, THF, reflux, 18 h, (PG=Me, 37 a:
63%, PG = C¢H,5, 37 b: 81%); ) BBr,, CH,Cl,, 0°C—rt, 17 h, 92%.
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Scheme 7. Stetter approach to phenanthrene derivatives. Conditions: a) act.
Cu, DMF, reflux, 3 h, 56 %; b) cat. 41, Et;N, MeOH, reflux, 20 h, then air,
MeOH/H,0 (1:4), rt, 2.5 h, quant.; ¢) BuLi, THF, —78°C, 45 min, then iPrOBpin,
THF, —78°C—rt, overnight, 79 %; d) 20, Pd(OAc),, SPhos, Cs,CO,, dioxane/
H,0 (6:1), 80°C, 20 h (—44, 71%); e) 5% HCI/THF (1:2), rt, 48 h, 88%.

more laborious, but clean and easy to perform bypass: Acetal
21, which had similarly been mentioned in Scheme 3, was
transferred into boronate 43. Suzuki coupling with bromide 20
and cleavage of the acetal finalized the alternative route to 39.
This dialdehyde could by cyclized in an intramolecular Stetter
reaction using thiazolium salt 41 as catalyst,”® presumably
yielding acyloin 40, which was immediately oxidized by purging
with oxygen (air) to furnish diketone 42.

Addition of a methyl Grignard reagent to diketone 42
yielded the same diastereoisomer of pinacol 29b, which has
already been obtained previously (Scheme 8). Since it has been
noted by Criegee etal. that nucleophilic additions to
phenanthrene-9,10-quinones exclusively yield trans products,®
we are quite convinced that all routes to 29 (either from 28 or
from 42) yield a trans product. The addition of 3-benzylox-
ypropyl magnesium bromide to diketone 42 was similarly
successful and delivered diol 45 with 78% vyield. Anyway, this
route, which in the further course would require debenzylation,
oxidation, and Friedel-Crafts acylation, was no longer followed,
since the respective products 32 were obtained in the mean-
time by the route described in Scheme 4.

OCgH13

a
29b —~— ‘ —
O

OCgH13

OCgH13

OBn
OBn

OCgH13

Scheme 8. Grignard additions to phenanthrene-9,10-dione 42. Conditions: a)
MeMgl, THF/Et,0 (1:1), reflux, 2 h, 64%; b) BnO(CH,);MgBr, THF, reflux, 15 h,
79%.

Eur. J. Org. Chem. 2023, 202301052 (5 of 8)

Conclusions

We successfully completed the synthesis of the frameworks of
altertoxin | and the related mycotoxins. A 7-step synthesis from
3-hydroxyacetophenone furnished the dicarbonyl framework,
while a 5-step sequence starting from 1,5-dihydroxynaphtha-
lene led to the respective decarbonylated core. Further
attempts to synthesized these structures turned out to be not
successful, but made a number of interesting intermediates
accessible, which should be useful for other synthetic endeav-
ors. Work in direction of the final perylenequinone-derived
natural products is ongoing in our laboratories.

Experimental Section

1,1'-{4,4’-Bis(hexyloxy)-[1,1’-biphenyl]-2,2’-diyl}bis(ethan-1-one)
(28b): Based on a published protocol,"? a solution of bromide 27 b
(3.00 g, 10.0 mmol) in anhydrous DMF (10 mL) was added dropwise
under an argon atmosphere to a slurry of freshly activated Cu
powder (2.54 g, 40.0 mmol) in anhydrous DMF (40 mL). The mixture
was heated to 175°C for 20 h, cooled to rt, filtered over Celite, and
rinsed with EtOAc (100 mL). The filtrate was washed with H,0O
(4x100 mL) and brine (100 mL), dried (Na,SO,), and purified by
column chromatography (silica gel, n-hexane/EtOAc 9:1) to yield
28b as a brown oil (1.11 g, 2.53 mmol, 51%). R;=0.53 (n-hexane/
EtOAc 9:1); '"H NMR (400 MHz, CDCl;): 6 =0.89-0.95 (m, 6 H, 2x6'-
H,), 1.31-1.40 (m, 8 H, 2x4"-H,, 2x5'-H,), 1.43-1.52 (m, 4 H, 2x3"-H,),
1.76-1.85 (m, 4 H, 2x2'-H,), 2.17 (s, 6 H, 2xCH,), 4.01 (t, >J=6.5 Hz,
4 H, 2x1'-H,), 6.98 (dd, *J=8.4 Hz, “J=2.7 Hz, 2 H, 2xH,), 7.06 (d,
3J=84 Hz, 2 H, 2xH,), 7.18 ppm (d, ¥=2.6 Hz, 2 H, 2xH,); *C NMR
(100 MHz, CDCl,): 6 =14.2 (2xCH;), 22.7 (2xCH,), 25.9 (2xCH,), 29.3
(2xCH,), 29.7 (2xCH;), 31.7 (2xCH,), 68.4 (2xCH,), 114.2 (2xCH),
117.3 (2xCH), 132.0 (2xCH), 132.4 (2xC), 140.7 (2xC), 158.6 (2xCQ),
202.5 ppm (2xC); IR (ATR): $=2929 (w), 2858 (w), 1686 (m), 1601
(m), 1467 (m), 1353 (w), 1279 (m), 1209 (m), 1032 (m), 824 (w),
543 cm™' (w); MS (FAB): m/z (%): 440 (12) [M+2]7, 439 (27) [M+
11%, 397 (10), 396 (32), 395 (100), 379 (49); HRMS (FAB): m/z calcd
for C,gH350,*: 439.2843; found: 439.2841.

2,7-Bis(hexyloxy)-9,10-dimethyl-9,10-dihydrophenanthrene-9,10-
diol (29b): Based on a published protocol,*” THF/H,O (1:1; 20 mL)
was added to a mixture of biphenyl 28b (1.10 g, 2.51 mmol), Zn
(3.699, 564 mmol), and ZnCl, (762 mg, 559 mmol) and the
suspension was stirred for 5.5 h at rt. The reaction was stopped by
addition of 3 M aqueous HCl (20 mL) and stirring was maintained
for 10 min. The mixture was filtered over Celite and the aqueous
layer of the filtrate was extracted with EtOAc (3x50 mL). The
combined organic layers were washed with H,0 (2x50 mL),
saturated aqueous NaHCO; solution (50 mL), and brine (50 mL),
dried (Na,SO,), concentrated at reduced pressure, and purified by
column chromatography (silica gel, n-hexane/EtOAc 5:1) to yield
29b as a beige solid (940 mg, 2.13 mmol, 85%). R;=0.41 (n-hexane/
EtOAc 3:1); m.p. 115-117°C; '"H NMR (400 MHz CDCl;): 6=0.91 (t,
3)=6.7 Hz, 6 H, 2x6"-H), 1.29 (s, 6 H, 2xCH,), 1.32-1.42 (m, 8H,
2x4'-H,, 2x5-H,), 1.44-1.54 (m, 4 H, 2x3'-H,), 1.80 (tt, 3)=6.9 Hz,
3J=7.3 Hz, 4 H, 2x2-H,), 2.17 (bs, 2 H, 2xOH), 4.02 (m, 4 H, 2x1"-H,),
6.84 (dd, *J=8.5Hz, “J=2.5Hz, 2 H, 3-H, 6-H), 7.22 (d, J=2.5Hz,
2H, 1-H, 8-H), 7.53 ppm (d, J=8.5Hz, 2 H, 4-H, 5-H); C NMR
(100 MHz, CDCL,): 6 =14.2 (2xCHs), 22.8 (2XCHs), 24.4 (2xCH,), 25.9
(2XCH,), 29.5 (2XCH,), 31.8 (2xCH,), 68.2 (2xCH,), 77.8 (2xC), 109.8
(2xCH), 113.6 (2xCH), 124.5 (2xCH), 124.5 (2xC), 143.3 (2xC),
159.0 ppm (2xC); IR (ATR): 5=3405 (br), 2927 (m), 2857 (w), 1610
(w), 1582 (w), 1467 (m), 1432 (m), 1385 (w), 1275 (m), 1240 (m),
1163 (m), 1046 (m), 946 (m), 888 (w), 799 (m), 769 (w), 735 (w), 600
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(w), 497 cm™" (w); MS (FAB): m/z (%): 441.3 (32) [M+11", 440.3 (100)
[M]*, 423.2 (49) [M—OH]", 395.2 (14), 379.3 (19), 213.0 (17), 212.0
(17), 211 (24); HRMS (FAB): m/z calcd for C,gH,,0,: 440.2921; found:
440.2922; elemental analysis calcd (%) for CogH,00,: C 76.33, H 9.15;
found: C 76.28, H 9.05.

2,7-Bis(hexyloxy)-9,10-dimethylphenanthrene (30b): Based on a
published protocol,®® Et;SiH (1.30 mL, 946 mg, 8.14 mmol) was
added to a solution of diol 29b (899 mg, 2.04 mmol) in CH,Cl,
(20 mL). The mixture was cooled to 0°C, stirred for 15 min and
BF;-OEt, (1.03 mL, 1.16 g, 8.17 mmol) was added dropwise. Stirring
was continued at that temperature for 1.5 h, 1T M aqueous Na,CO,
solution (20 mL) was added, and the aqueous layer was extracted
with CH,Cl, (3%20 mL). The combined organic layers were dried
(Na,SO,), concentrated at reduced pressure, and purified by column
chromatography (silica gel, n-hexane/CH,Cl, 3:1) to yield 30b as a
colorless, fluffy solid (748 mg, 1.84 mmol, 90%). R;=0.44 (n-hexane/
CH,Cl, 2:1); 'H NMR (400 MHz, CDCl,): 6=0.88-0.97 (m, 6 H, 2x6'-
Hy), 1.32-1.45 (m, 8 H, 2x4"-H,, 2x5"-H,), 1.47-1.59 (m, 4 H, 2x3"-H,),
1.88 (quint, >J=6.8 Hz, 4 H, 2x2"-H,), 2.68 (s, 6 H, 2xCH,), 4.13 (t, *J=
6.6 Hz, 4H, 2x1'-H,), 7.22 (dd, *J=9.0 Hz, *J=2.6 Hz, 2 H, 2xH,,),
7.44 (d, *J=2.6 Hz, 2 H, 2xH,,), 8.50 ppm (d, >J=9.1 Hz, 1 H, 2xH,);
BC NMR (100 MHz, CDCly): =142 (2xCH,), 16.3 (2xCH,), 22.8
(2XCH,), 26.0 (2xCH,), 29.6 (2xCH,), 31.8 (2xCH,), 68.3 (2xCH,),
107.1 (2xCH), 115.5 (2xCH), 123.9 (2xCH), 123.9 (2xC), 129.4 (2xCQ),
132.6 (2xC), 157.3 ppm (2xC); IR (ATR): ©=2926 (m), 2859 (m), 1608
(m), 1491 (m), 1468 (m), 1429 (m), 1378 (m), 1327 (w), 1278 (m),
1219 (s), 1079 (m), 1032 (m), 994 (m), 960 (w), 909 (w), 853 (m), 840
(m), 813 (m), 717 (w), 604 (w), 457 cm™' (w); MS (FAB): m/z (%): 409
(39), 408 (100), 407 (23), 406 (28), 239 (14); HRMS (FAB): m/z calcd
for C,gH550,: 406.2866; found: 406.2865.

9,10-Bis(bromomethyl)-2,7-bis(hexyloxy)phenanthrene (31b):
Based on a published protocol,®" NBS (897 mg, 5.04 mmol) and
AIBN (21 mg, 0.13 mmol) were added under an argon atmosphere
to a solution of phenanthrene 30b (1.00g, 2.46 mmol) in CCl,
(50 mL) and the mixture was heated to reflux for 4 h. Further AIBN
(21 mg, 0.13 mmol) was added and heating was continued for
further 12 h. The mixture was cooled to rt, concentrated at reduced
pressure, purified by column chromatography (silica gel, n-hexane/
CH,Cl, 4:1) to yield 31b as a yellow solid (1.11 g, 1.97 mmol, 80 %).
R¢=0.37 (n-hexane/CH,Cl, 2:1); R;=0.59 (n-hexane/EtOAc 9:1); m.p.
163-164°C; '"H NMR (400 MHz, CDCl;): 6=0.84-0.98 (m, 6 H, 2x6'-
H,), 1.33-1.43 (m, 8 H, 2x4"-H,, 2x5'-H,), 1.47-1.60 (m, 4 H, 2x3"-H,),
1.84-1.97 (m, 4 H, 2x2"-H,), 4.17 (t, >J=6.5 Hz, 4 H, 2x1"-H,), 5.07 (s,
4 H, 2xCH,Br), 7.31 (dd, *J=9.1 Hz, ¥/=2.5Hz, 2 H, 2xH,), 7.52 (d,
4J=2.6 Hz, 2 H, 2xH,), 8.51 ppm (d, ¥)=9.2 Hz, 2 H, 2xH,); *C NMR
(100 MHz, CDCl,): 6 =14.2 (2xCH,), 22.8 (2xCH,), 26.0 (2xCH,), 27.3
(2XCH,), 29.4 (2xCH,), 31.8 (2xCH,), 68.4 (2xCH,), 106.4 (2xCH),
118.4 (2xCH), 124.4 (2xCH), 125.6 (2xC), 129.8 (2xC), 131.5 (2xCQ),
157.7 ppm (2xC); IR (ATR): 6=2927 (w), 2868 (w), 1612 (m), 1493
(m), 1433 (m), 1379 (m), 1286 (w), 1233 (m), 1202 (m), 1083 (w),
1030 (m), 933 (w), 884 (w), 824 (m), 812 (m), 711 (w), 650 (m), 580
(w), 530 (w), 451 cm™" (w); MS (FAB): m/z (%): 566.2 (57) [M]*, 564.2
(100) [M]", 562.2 (52) [M]*, 485.2 (29), 483.2 (29), 405.4 (38), 404.3
(81), 236.1 (48), 235.1 (33); HRMS (FAB): m/z calcd for C,gH¢°Br,0,:
562.1077; found: 562.1075; elemental analysis calcd (%) for
C,sHs4Br,0,: C 59.59, H 6.43; found: C 59.32, H 6.31.

Di-tert-butyl 3,3'-(2,7-Bis(hexyloxy)phenanthrene-9,10-diyl)dipro-
pionate (17b): Following a published protocol,®? BuLi (2.5M in
hexanes; 1.02 mL, 2.55 mmol) was slowly added dropwise under an
argon atmosphere to a cooled (—78°C) solution of iPr,NH (359 L,
259 mg, 2.56 mmol) in anhydrous THF (10 mL) and stirring was
continued for 30 min at this temperature. tBuOAc (345 pL, 299 mg,
1.16 mmol) was added slowly, stirring was continued for 90 min at
this temperature, and a solution of phenanthrene 31b (480 mg,
0.850 mmol) in anhydrous THF (10 mL) was added dropwise. The
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mixture was stirred for 3 h while it was allowed to warm to rt.
Saturated aqueous NH,Cl solution (40 mL) was added and the
aqueous layer was extracted with EtOAc (3x15 mL). The combined
organic layers were dried (Na,SO,), concentrated at reduced
pressure, and purified by column chromatography (silica gel,
cyclohexane/EtOAc 19:1) to yield 17b as a colorless solid (455 mg,
0.717 mmol, 84%). R=0.40 (n-hexane/EtOAc 9:1); m.p. 99-100°C;
'H NMR (400 MHz, CDCl;): 6 =0.88-0.95 (m, 6 H, 2x6"-H,), 1.34-1.40
(m, 8 H, 2x4'-H,, 2x5'-H,), 1.45-1.56 (m, 4 H, 2x3'-H,), 1.50 [s, 18 H,
2XC(CH5)5], 1.82-1.91 (m, 4 H, 2x2'-H,), 2.56-2.62 (m, 4 H, 2x3"-H,),
3.40-3.45 (m, 4 H, 2x2"-H,), 4.13 (t, >J=6.7 Hz, 4 H, 2x1"-H,), 7.23
(dd, *J=9.0 Hz, *J=2.5 Hz, 2 H, H-3, H-6), 7.46 (d, */J=2.5Hz, 2 H, H-
1, H-8), 8.50 ppm (d, 3J=9.1 Hz, 2 H, H-4, H-5); *C NMR (100 MHz,
CDCly): 6=14.2 (2xCH;), 22.8 (2xCH,), 24.5 (2xCH,), 26.0 (2xCH,),
28.3 (6xCH,), 29.5 (2xCH,), 31.8 (2xCH,), 36.0 (2xCH,), 68.3 (2xCH,),
80.7 (2xC), 106.6 (2xCH), 116.4 (2xCH), 124.2 (2xCH), 124.6 (2xC),
131.0 (2xC), 132.7 (2xC), 157.6 (2xC), 172.5 ppm (2xC); IR (ATR): 5=
2930 (m), 2860 (w), 1719 (m), 1612 m), 1494 (m), 1434 (w), 1363 (m),
1298 (w), 1225 (s), 1144 (s), 1032 (m), 942 (w), 846 (m), 791 (m), 753
(W), 727 (w), 599 (w), 455 (w), 391 cm™" (vw); MS (FAB): m/z (%):
636.4 (13) [M+2]", 635.4 (46) [M+1]", 634.4 (100) [M]*, 578.4 (4),
538.4 (5), 524.4 (9), 523.4 (25), 505.4 (11), 463.4 (9), 277.0 (5), 249.0
(8), 235.0 (6); HRMS (FAB): m/z calcd for CyoHs504: 634.4228; found:
634.4230.

4,9-Bis(hexyloxy)-1,2,11,12-tetrahydroperylene-3,10-dione (32b):
Based on a published protocol,*” Eaton's reagent (7.7% w/w P,0;
in MeSO;H; 2 mL) was added under an argon atmosphere to diester
17b (25 mg, 39 umol). The mixture was stirred vigorously at 60°C
for 3 h, poured into ice water (20 mL), and extracted with CH,Cl,
(3x10 mL). The combined organic layers were dried (Na,SO,),
concentrated at reduced pressure, and purified by column
chromatography (silica gel, n-hexane/EtOAc 3:1) to yield 32b as a
reddish brown solid (14 mg, 29 umol, 74%). R=0.23 (n-hexane/
EtOAc 3:1); '"H NMR (400 MHz, CDCl;): 6=0.88-0.95 (m, 6 H, 2x6'-
H,), 1.32-1.42 (m, 8 H, 2x4"-H,, 2x5-H,), 1.51-1.61 (m, 4 H, 2x3"-H,),
1.88-1.96 (m, 4 H, 2x2'-H,), 2.92 (t, *)=7.2 Hz, 4 H, 1-H,, 12-H,), 3.40
(t,3J=7.2Hz 4 H, 2-H,, 11-H,), 421 (t, *J=6.7 Hz, 4 H, 1"-H,), 7.37 (d,
3)=9.3 Hz, 2 H, 5-H, 8-H), 8.69 ppm (d, >J=9.1 Hz, 2 H, 6-H, 7-H); '*C
NMR (100 MHz, CDCl,): 6 =14.2 (2XCH,), 22.7 (2xCH,), 25.8 (2XCH,),
26.9 (2XCH,), 29.4 (2xCH,), 31.8 (2xCH,), 40.1 (2XCH,), 70.0 (2XCH,),
114.3 (2xCH), 117.7 (2xC), 123.0 (2xC), 129.2 (2xCH), 129.8 (2xC),
132.1 (2xQ), 157.4 (2xC), 197.8 ppm (2xC); IR (ATR): 5=3366 (br),
2923 (m), 2856 (m), 1682 (s) (C=0), 1576 (m), 1460 (m), 1439 (m),
1364 (m), 1248 (s), 1186 (s), 1118 (m), 1076 (s), 984 (m), 924 (w), 805
(s), 725 (w), 619 (w), 565 cm™' (w); MS (FAB): m/z (%): 488.5 (16) [M
+2]", 487.4 (43) IM+1]", 486.5 (23) [M]*, 484.5 (14), 369.3 (16),
339.3 (18), 81.0 (100); HRMS (FAB): m/z calcd for Cy,Hy0, M+ 11:
487.2843; found: 487.2842.

3,10-Bis(hexyloxy)-4,5,6,7,8,9-hexahydroperylene (37b): Based on
a published protocol,”® TiCl, (4.72 ml, 8.16 g, 43.0 mmol) was added
at 0°C under an argon atmosphere to a slurry of Zn (5.63 g,
86.1 mmol) in THF (80 mL). The mixture was heated to reflux for
3 h, cooled to 0°C, pyridine (1.73 mL, 1.69 g, 21.4 mmol) was added,
and stirring was continued for 10 min at this temperature. The
mixture was warmed to rt and a solution of diketone 36b (4.00 g,
8.15 mmol) in THF (30 mL) was added dropwise. The mixture was
heated to reflux for 18 h, cooled to rt, and poured into saturated
aqueous NaHCO; solution (400 mL). CH,Cl, (200 mL) was added and
the mixture was filtered over a Biichner funnel and rinsed with
CH,Cl, (3x50 mL). The aqueous layer was extracted with CH,CI,
(2x150 mL) and the combined organic layers were dried (Na,SO,),
concentrated at reduced pressure, and purified by recrystallization
(n-hexane/EtOAc 19:1) to yield 37b as a pale yellow crystalline
solid (3.02 g, 6.58 mmol, 81 %). R;=0.71 (n-hexane/EtOAc 9:1); m.p.
178-180°C; 'H NMR (400 MHz, CDCl,): 6=0.93 (t, >)=7.0Hz, 6 H,
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2x6'-H;), 1.33-1.44 (m, 8 H, 2x4'-H,, 2x5-H,), 1.49-1.57 (m, 4 H,
2x3'-H,), 1.85 (tt, >)=7.5Hz, >J=6.5 Hz, 4 H, 2x2"-H,), 2.03 (tt, *J=
6.0 Hz, >J=6.3 Hz, 4 H, 5-H,, 8-H,), 3.02 (t, >J=6.3 Hz, 4 H, 4-H,, 9-H,
or 6-H,, 7-H,), 3.04 (t, >J=6.1 Hz, 4 H, 6-H,, 7-H, or 4-H,, 9-H,), 4.10
(t, 3)=6.5Hz, 4H, 2x1-H,), 7.19 (d, 3J=9.0Hz, 2 H, 2-H, 11-H),
8.39 ppm (d, >J=9.1 Hz, 2 H, 1-H, 12-H); *C NMR (100 MHz, CDCl,):
0=14.2 (2xCH,), 22.5 (2xCH,), 22.8 (2xCH,), 23.9 (2xCH,), 26.0
(2xCH,), 27.8 (2xCH,), 29.8 (2xCH,), 31.8 (2xCH,), 69.0 (2xCH,),
111.8 (2xCH), 120.8 (2xCH), 123.0 (2xC), 124.1 (2xC), 129.1 (2xCQ),
129.1 (2xC), 153.2 ppm (2XxC); IR (ATR): =2923 (m), 2853 (m), 1596
(w), 1579 (w), 1462 (m), 1344 (w), 1251 (m), 1230 (m), 1192 (m),
1127 (m), 1070 (m), 1038 (m), 1022 (m), 977 (w), 789 (m), 726 cm™"
(m); MS (FAB): m/z (%): 459.5 (55) [M+11%, 458.5 (100) [M]", 457.5
(30) [IM—11%, 374.3 (14), 373.3 (20) [M—CgH,51*; HRMS (FAB): m/z
calcd for C5,H,,0,: 458.3179; found: 458.3181.

3,10-Dihydroxy-4,5,6,7,8,9-hexahydroperylene (38): Based on a
published protocol,** BBry (1 M in CH,Cl,; 409 pL, 409 umol) was
added under an argon atmosphere to a cooled (0°C) solution of
hexahydroperylene 37b (50 mg, 109 umol) in anhydrous CH,CI,
(5 mL) and the mixture was stirred for 17.5 h at rt. MeOH (0.5 mL)
was added and stirring was continued for 10 min. The mixture was
concentrated at reduced pressure and purified by column chroma-
tography (silica gel, n-hexane/EtOAc 3:1) to yield 38 as a light
brown solid (29 mg, 100 umol, 92%). R=0.55 (n-hexane/EtOAc
1:1); "H NMR (400 MHz, THF-dg): 6 =1.98 (tt, >J=6.3 Hz, *J=6.1 Hz,
4H, 5-H,, 8-H,), 2.93-3.04 (m, 8 H, 4-H,, 6-H, 7-H,, 9-H,), 6.97 (d, J=
8.9 Hz, 2 H, 2-H, 11-H), 8.09 (s, 2 H, 2xOH), 8.22 ppm (d, >)=8.9 Hz,
2 H, 1-H, 12-H); *C NMR (100 MHz, THF-dg): 6=23.6 (2xCH,), 24.8
(2xCH,), 28.7 (2xCH,), 115.7 (2xCH), 120.3 (2xC), 121.3 (2xCH),
124.8 (2xC), 129.4 (2xC), 129.9 (2xC), 152.2 ppm (2xC); IR (ATR): 5=
3251 (br), 2931 (w), 2839 (w), 1614 (w), 1585 (w), 1464 (m), 1372
(w), 1341 (w), 1304 (m), 1230 (m), 1193 (w), 1112 (w), 1058 (w), 1007
(m), 887 (w), 799 (m), 708 cm™' (w); MS (El, 180°C): m/z (%): 291.3
(23) [M+11%, 290.3 (100) [M]*, 289.3 (15) [M—HI]"; HRMS (El): m/z
calcd for C,oH,50,5: 290.1301; found: 290.1302.
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The core of the perylenequinone-
derived mycotoxin altertoxin | was
synthesized either from 3-hydroxyace-
tophenone or from 1,5-dihydroxy-
naphthalene, where Suzuki couplings,
Ullmann couplings, McMurry olefina-
tions, and Friedel-Crafts acetylation
were key steps in the respective
syntheses.
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