
Introduction

Over the last decades, the employed components in elec-
tronics have been continuously downsized. Following this
miniaturisation trend, which was predicted by Mooreʼs
Law,1 the semiconductor industry is constantly looking for

novel concepts allowing for further miniaturisation. A prom-
ising concept is single-molecule electronics. Molecules are
the smallest known object with enough structural diversity
to integrate a particular function by structural design. Sup-
ported by the continuously growing skills in synthetic
chemistry, the variety of such single molecular devices is in-
creasing steadily. Examples of electronic functions that were
realized following this bottom-up approach are information
storage,2–4 transistors,5–7 diodes,8,9 switches,9–13 sensors,14

and translation of an electric field into mechanical move-
ment,15 to name a few. Molecules being able to switch be-
tween several different metastable states are of fundamen-
tal interest as potential gate openers towards electronic con-
cepts beyond the current binary technology.16–18

Molecular switches require at least two moderately sta-
ble states. The different states have to be stable enough that
a switched molecule remains in the respective state if no ex-
ternal stimulus is given but reactive enough that a mild ex-
ternal stimulus may convert them into another state.13 It is
of great importance that the switching mechanism is of re-
versible nature and results in quantitative conversion. There
are in general two different types of molecular switches:
conformational and/or redox switches. The first type is
switched by a structural change, for example, breaking a
bond,19–22 while the latter is switched by moving from one
oxidation state to another, as for example from an un-
charged molecule to an anion or a cation.23–25 Several differ-
ent external stimuli have been reported, such as current-in-
duced switching, redox-potential-induced switching,26–28

field-induced switching,26,29 light-induced switching,30

thermal-induced switching31–33 and stretching-induced
switching.34 To detect the switching event, an externally ob-
servable molecular property has to be altered.

Single-molecule electronic or thermal transport proper-
ties and the related logical functions are most often investi-
gated using molecular break junction (MBJ) experiments.
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Abstract A modular access to 2,5-diaryl 6-hydroxyphenalenone deriv-
atives is developed and demonstrated by a small series of 5 molecules.
Within this series, the structures 1 and 2 expose terminal methylsulfanyl
anchor groups, enabling their integration in a single-molecule junction.
The modular synthesis is based on Suzuki cross-coupling of the aryl sub-
stituents as boronic acid precursors with 5,8-dibromo-2-(tert-butyl)-
4,9-dimethoxy-2,3-dihydro-1H-phenalen-1-one, and the subsequent
transformation of the product to the desired 2,5-diaryl 6-hydroxy-
phenalenone in a reduction/deprotection sequence. The new structures
are fully characterized and their optical and electrochemical properties
are analysed. For the derivatives 1 and 2 suitable for single-molecule
junctions, the corresponding oxophenalenoxyl radicals 1R and 2R were
obtained by oxidation and analysed by electron paramagnetic resonance
spectroscopy. Preliminary mechanical break junction experiments with
1 display the structureʼs ability to form transient single-molecule junc-
tions. The intention behind the molecular design is to profit from the
various redox states of the structure (including the neutral radical) as a
molecular switch in an electrochemically triggered single-molecule
transport experiment.
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There are two main types of MBJs employed for the investi-
gation of these phenomena.

A scanning tunnelling microscope (STM) can be em-
ployed to investigate molecules deposited on a surface by
probing them between the cantilever tip of the STM and
the surface.35–37 While the experiment allows investigation
of the substrate and selection of particular promisingmolec-
ular candidates, the molecular junction is formed between
two very different electrodes. A more symmetrical metal–
molecule–metal junction is realized in a mechanically con-
trolled break junction (MCBJ) experiment.37–39 Integrating
the molecule of interest between the electrodes of either
system often increases the constraints to the switchable sys-
tem. For example, the exciton formed on a photoswitchable
molecule upon illumination might diffuse into the electro-
des quicker than the molecular switching event takes place.
Also conformational rearrangements in a switching process
might be sterically handicapped by the proximity of the
electrodes.13

The amount of metastable states accessible by a molecule
correlates directly with the amount of operations a molecu-
lar switch is able to perform. The majority of molecular
switches reported so far are mainly able to access two differ-
ent molecular states and thus are limited to binary
operations.40–45 Extending the amount of metastable states
accessible by an external stimulus from two to more, e.g.
three, would therefore be highly desirable. Only very few ex-
amples of three-state switches have been reported, like, e.g.,
a naphthalene diimide (NDI) switch.46 The latter example
served as inspiration for the here-reported molecular design
based on 6-hydroxyphenalenone derivatives. We hypothe-
sized that the improved stability of oxophenalenoxyl radi-
cals compared to NDI radicals should ease their handling.
Additionally, the anion of the 6-hydroxyphenalenone

should be easily accessible not only electrochemically, but
also by conventional wet chemical treatment as already re-
ported for the acid/base switch by Ratner et al.14 Conse-
quently, two switching processes are expected for the here-
presented 6-hydroxyphenalenone derivatives. In an electro-
chemically controlled single-molecule transport experi-
ment, both processes should be accessible, i.e. the formation
of the radical by oxidation as well as the formation of the
anion by reduction of the parent structure. Interestingly,
switching between the anionic and the neutral form is also
achievable by pH variation.

Here a synthetic route to 2,5-diaryl 6-hydroxyphenalen-
ones is developed and documented with a variety of deriva-
tives (1–5, Figure 1A), including the model compounds 1 and
2 exposing methyl-sulfide anchoring groups at the para-po-
sition of the aryl substituents as derivatives suited for sin-
gle-molecule transport experiments. While the switching
of the 6-hydroxyphenalenone derivatives is mainly investi-
gated in solution, preliminary MCBJ experiments show that
single-molecule junctions can be obtained from 1.

Results and Discussion

Molecular Design and Switching Concept

6-Hydroxyphenalenone derivatives are particularly appeal-
ing model compounds for single-molecule junctions. The
over the entire core delocalized π-system remains stable in
a variety of redox states. As a result, electrochemically in-
duced state switching events should lead to substantial
transport differences in single-molecule junctions not
clouded by the degradation of the oxidized or reduced de-
rivatives. While such a set-up resembles the already men-

Figure 1 A) Molecular structures of 2,5-diaryl 6-hydroxyphenalenones 1–5. B) Calculated electron density maps of the populated frontier orbitals of
2,5,8-tri-tert-butyl 6-hydroxyphenalenone (centre) and its corresponding anion (left) and oxophenalenoxyl radical (right). C) Molecular structures
corresponding to the electron density maps depicted in A).
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tioned single NDI junction,46 the even more desirable prop-
erties of 6-hydroxyphenalenone-based model compounds
are their relatively stable radical forms. Immobilized in a
molecular junction, the interaction of the transport current
with the unpaired electron will be the focus of interest. In
order to optimize the target structure for future single-mol-
ecule transport experiments, the different metastable states
of 2,5-diaryl 6-hydroxyphenalenones are studied in solution
and their properties are evaluated as proxy for future inves-
tigations in molecular junctions.

In the first papers about oxophenalenoxyl radical deriva-
tives, Nakasuji et al reported in 1996 that their lability did
not allow their isolation.47,48 However, since the year 2000,
a variety of derivatives have been reported with stability
features allowing their isolation.49–55 The common structur-
al feature of all these isolated derivatives are tert-butyl
groups at their 2- and 5-positions. The substituent at the 8-
position has been varied from the parent hydrogen49 to tert-
butyl,50 nitrile,52 para-substituted phenyls,51 and tetra-
thiafulvalene.55 According to density functional theory cal-
culations and previous experimental reports,48,49,51,52 the
highest spin density of the singly occupied molecular orbital
(SOMO) is localized at positions 2 and 5 (Figure 1).

These are thus the most promising positions for the at-
tachment of anchoring groups to investigate oxo-
phenalenoxyl radicals in a single-molecule junction. As po-
tential model compounds, we thus wondered about the syn-
thetic accessibility of 2,5-diaryl 6-hydroxyphenalenones
and the stability of the corresponding oxophenalenoxyl rad-
ical obtained upon oxidation. A modular synthetic approach
to introduce aryl substituents at the 2- and 5-positions
would not only allow to vary the electron density of the en-
tire delocalized π-system, but also to decorate the structure
with terminal anchoring groups. Particularly appealing is
the symmetry of the 2,5-diaryl radical structure, as recent
studies with less symmetric stable organic radicals dis-
played not only direct coupling of the radical to a particular
electrode, but also the appearance of alternative parallel
conduction pathways.56,57 These background currents are
troublesome as they might cloud conductance features and
conductance variations originating from the population of
the frontier orbitals in the different switching states. There-

fore, it is important to avoid alternative conduction path-
ways. Calculated electron density maps (Figure 1B) suggest
for the radicals an increase in conjugation along the molec-
ular structure, probably reflected in an increased electronic
transparency compared to the protonated parent derivative.
Interestingly, also for the anion, interesting properties are
expected. The electron density calculations regarding the
anion point at a considerable increase in cross-conjugation
on both frontier orbitals (HOMO and LUMO) compared to
the native 6-hydroxyphenalenone.

Both, the anion and the oxophenalenoxyl radical, shall be
formed in situ immobilized inside the junction either by wet
chemical or electrochemical means from the 6-hy-
droxyphenalenone derivative. Thus the model compounds
1 and 2 exposing terminal methyl-sulfide anchoring groups
moved into the focus of interest. The anchoring groups are
chemically robust and known to form transient molecular
junctions with well-defined conductivity features. As the
proposed 2,5-diaryl substituents are less sterically demand-
ing than tert-butyl groups, the stability of the corresponding
oxophenalenoxyl radicals had to be investigated. A small va-
riety of aryl substituents were considered to develop the
chemistry with less precious precursors and to provide
model compounds to investigate spectroscopic properties
of this new family of compounds. While with 1 and 2 the
steric demand of the aryl substituents is varied, 3–5 differ
mainly in the electron density on the aryl substituents. In-
terestingly, the reduced steric demand of the aryl substitu-
ents enables their coplanar arrangement with the oxo-
phenalenoxyl core, contributing to the overall improved sta-
bility of the radical due to increased delocalization of the
SOMO. Another stabilizing effect is expected from the elec-
tron deficiency of the fluorine-decorated aryl substituents
of 1.

The retrosynthetic approach to the 6-hydroxyphenalen-
one derivatives is displayed in Scheme 1. To maximise the
modularity of the synthesis, the different aryl substituents
shall be introduced as late as possible. As the carbonyl group
of C shall be reduced under basic conditions, which are
known to potentially trigger halogen dance reactions, the
aryl groups will be introduced before the carbonyl reduction
to avoid potential challenges. The assembly strategy follows

Scheme 1 Retrosynthetic approach towards the desired 6-hydroxyphenalenone derivatives (A) with aryl substituents at the 2- and 5-positions.
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mainly the already reported syntheses of phenalenyl and
oxophenalenoxyl derivatives.49,51,53,58

First, the 2,7-dihalo-3,6-dimethoxynaphthalene F shall
be synthesized to provide the leaving groups for the subse-
quent introduction of the aryl substituents. Subsequent for-
mylation provides E, which can be further developed into D
by the addition of an enol ester followed by reductive re-
moval of the benzylic hydroxyl group. The subsequent Frie-
del–Crafts ring closing reaction should provide C, as ideal
precursor for the introduction of the various aryl substitu-
ents by Suzuki cross-coupling to yield B. Finally, reduction
of the carbonyl followed by ether cleavage and aromatisa-
tion should give access to the targeted 6-hydroxyphenalen-
one derivatives.

Synthesis

The syntheses towards the key intermediate 14 were per-
formed by adapting previously reported protocols for
phenalenyl and oxophenalenoxyl derivatives (Scheme
2A).49,51,53,58 The required 2,7-diboromo-3,6-dimethoxy-
naphthalene 8 was obtained by bromination of naphtha-
lene-2,7-diole 6 in AcOH, followed by dehalogenation with
tin in AcOH to afford 7, which was further methylated with
methyl iodide and potassium carbonate in acetone giving 8.
In our experiment, the literature-known 2,7-dibromo-3,6-
dimethoxynaphthalene 8 was obtained in 78% yield over
three steps.59,60 A Rieche formylation with dichloromethyl

methyl ether in the presence of TiCl4 in DCM afforded the
formylated naphthalene derivative 9 in 74% yield. Aldol ad-
dition of methyl tert-butylacetate to the formyl intermediate
9 using in situ prepared LDA in dry THF and subsequent re-
ductive dehydroxylation yielded the methyl ester 11 in 86%
yield over two steps. To our surprise, the saponification of
the methyl ester 11 turned out to be challenging and the car-
boxylic acid 12 could only be obtained using harsh reaction
conditions, which caused a considerable amounts of side
products (Table S1). Also the subsequent Friedel–Crafts acyl-
ation with in situ formed acid chloride did not provide the
targeted key intermediate 14, but the demethylated deriva-
tive 15 instead.

To further disqualify this reaction sequence, all attempts
to remethylate 15 failed (Table S2). As an alternative ap-
proach to 14, the Friedel–Crafts type reaction reported be-
tween various alkyl esters and benzene promoted by triflic
acid was considered and the protocol was adapted to our
cyclisation.61 And indeed, dissolving the methyl ester 11 in
triflic acid yielded the desired key intermediate 14 in 91%
yield. It was required to dissolve the methyl ester 11 in min-
imal DCM, if larger amounts than 100mg of starting materi-
al were employed. Subsequent dropwise addition of this
mixture to triflic acid yielded 14 in 86 ± 5% yield. As minor
sideproduct, 13 was isolated, resulting from a halogen shift
under these conditions. The observed halogen shift was sur-
prising, as halogen dance reactions are usually reported for
basic reaction conditions.62 However, a few examples in ac-
idic media are known too.63 Purification of the triflic acid by

Scheme 2 Synthesis of A) the dibromo precursor 14 as a key compound of the modular synthesis, and B) the boronic acid derivatives 19 and 23
required for the subsequent Suzuki-type coupling chemistry. Reagents and conditions: a) 1. Br2, AcOH, reflux, 18 h, 2. Sn, AcOH, reflux, 17 h; b) MeI,
K2CO3, acetone, r. t. 19 h; c) TiCl4, Cl2COCH3, DCM, 0°C–r. t., 15 h; d) LDA, methyl tert-butylacetate, THF, 0 °C, 40min; e) Et3Si, TFA, DCM, r. t., 20 h;
f) KOH, ethylene glycol, 150°C, 15 h; g) 1. (COCl)2, 65°C, 3 h, 2. DCM, AlCl3, −78°C–r. t. 11 h; h) Table S3 i) TfOH, DCM, r. t., 2.5 h; j) NH4SCN,
trichloroisocyanuric acid, DCM, wet silica, air, r. t., 45min; k) 1. Na2S, EtOH, H2O, 50°C, 2 h, 2. MeI, EtOH, 3 h, r. t.; l) B2Pin2, tBuONO, CH3CN, reflux, 9 h;
m) MeI, K2CO3, CH3CN, 16 h, r. t.; n) 1. n-BuLi, THF, −78°C 2 h, 2. isoPrBPin, −78°C–r. t. 16 h.; o) MeB(OH)2, 0.2M HCl, acetone, r. t., 8 h.
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distillation over triflic anhydride64 reduced the reaction
time to 2 h at r. t., but also resulted in the formation of the
demethylated derivative 15 as a sideproduct.

With the availability of the key intermediate 14, our fo-
cused moved to the assembly of the boronic acid derivatives
as reaction partners for the further decoration of 14 by
cross-coupling protocols. Both the 3,5-dimethylthioanisole-
4-pinacolborane 19 and the 3,5-difluorothioanisole-4-bo-
ronic acid 23 were prepared in three steps (Scheme 2B).

Thiocyanation of 2,6-xylidine following a literature-
known procedure yielded 17 in 48%.65 Conversion of the
thiocyano group of 17 to the methyl-sulfide gave 18 in 83%
yield following a patented procedure.66 The amine was con-
verted to the corresponding boronic ester in a Sandmeyer-
type reaction following a previously published protocol,67

yielding the pinacolborane 19 in low 16% isolated yield.
Methylation of 3,5-difluorobenzenethiol 20 with methyl

iodide as reported in a patented procedure68 and subse-
quent borylation following a published protocol69 yielded
the pinacolborane 22 in an excellent yield of 96% over both
steps. Using a previously published trans-esterification pro-
cedure, employing methyl boronic acid in a 1 :1 mixture of
aqueous 0.2M HCl and acetone yielded quantitatively the
desired boronic acid 23.70 The transformation to the boronic
acid became necessary as the boronic ester displayed poor
reactivity in the envisaged Suzuki cross-coupling reaction.

With the precursors 14, 19, and 23 in hands, the Suzuki
cross-coupling protocol was developed. Screening of the re-
action conditions with 14, 22, and 23 revealed that the bo-
ronic acid derivative 23 and the dibromide 14 using potassi-
um fluoride in combinationwith Pd2(dba)3/P(t-Bu)3 as a cat-
alytic system provided a clean, fast and high yielding trans-
formation to the desired product 24, which was isolated in
93% yield (see Table S3, entry 5). Applying similar condi-
tions to 14 and 19 gave the desired compound 25 in 45% iso-
lated yield.

Reducing the carbonyl of 24 and 25 with DIBAL‑H in dry
THF at 0 °C yielded the desired hydroxyls 29 and 30 in excel-
lent yields of 92% and 95%, respectively.

Removal of the ether protection group was investigated
first with compound 30. Applying a modified reported pro-
tocol using LiI in DMPU (HMPA was replaced by DMPU due
to its lower toxicity71) provided the desired 6-hy-
droxyphenalenone 2 in 87% isolated yield after acidic
work-up. However, employing similar reaction conditions
to 29 did not provide the desired 6-hydroxyphenalenone 1,
but the phenaleno[1,2-b]benzofuran derivative 1′ was
formed upon intramolecular substitution of a fluorine by
the neighbouring hydroxy group, which was isolated in ex-
cellent 90% yield (Scheme S1). To avoid this efficient but un-
desired reaction, a Lewis acid-mediated ether cleavage with
BBr3 was employed, which resulted in the desired com-
pound 1 in 44% yield. Applying these reaction conditions to
30 not only gave lower yields of 36%, but also the degrada-

tion of the formed product 2was observed under these con-
ditions.

The family of 2,5-diaryl 6-hydroxyphenalenones was en-
larged by the structures 3–5 as model compounds for spec-
troscopic analysis. These structures do not expose an an-
choring group but have electronically neutral (3), donating
(4), or withdrawing (5) substituents instead. For their as-
sembly the synthetic protocol developed for 1 and 2was ap-
plied.

Treating the key intermediate 14with the corresponding,
commercially available, arylboronic acids, followed by re-
duction and de-protection, provided 2,5-diphenyl 6-hy-
droxyphenalenone 3, 2,5-di(4′-tert-butylphenyl) 6-hy-
droxyphenalenone 4, and 2,5-di(4′-fluorophenyl) 6-hy-
droxyphenalenone 5 in 31%, 31% and 36% over three steps,
respectively. Interestingly, the final ether cleavage was only
successful with LiI in DMPU at 170°C, which gave the de-
sired target structures in moderate yields, while treatment
with BBr3 resulted in degradation of all three compounds.

The hydroxyl groups of the 6-hydroxyphenalenone deriv-
atives displayed their acidity by broad peaks in the NMR
spectra (Figure S242) and partial deprotonation is observed
in the UV‑Vis spectra recorded in acetonitrile/water mix-
tures (Figure S15). By buffering the spectroscopic samples
with trifluoroacetic acid, complete protonation was
achieved facilitating the interpretation of the spectroscopic
data.

Radical Formation and Characterization

The radicals 1R and 2R of the 6-hydroxyphenalenone deriv-
atives 1 and 2, respectively, were obtained in quantitative
yields by treating a degassed 5mM solution in toluene or
benzene with freshly precipitated lead dioxide (Scheme
3e).72 The lead dioxide was subsequently removed by filtra-
tion under argon. Attempts to isolate the radical by evapora-
tion of the solvent at the rotary evaporator failed, as the rad-
icals quantitatively degraded to the parent 6-hydroxy-
phenalenone precursors. Further studies were thus per-
formed with the filtered solution obtained after removal of
the lead dioxide.

The radical nature of 1R and 2R was verified by X-band
electron paramagnetic resonance (EPR) and UV‑Vis spec-
troscopy. The UV‑Vis spectrum of 1R shows a very broad
but not very intense absorption band at λmax = 753 nm, a
broad feature at λmax = 498 nm and two sharp features at
409 and 390 nm (Figure 2A). However, the UV‑Vis spectrum
of 2R shows a very broad band at λmax = 786 nm, a slanted
feature at λmax = 581 nm and two sharp features at 415 and
395 nm (Figure 2B). The two recorded UV‑Vis spectra differ
mainly in intensity of the observed features, while their
shape is rather similar, both show a broad feature in the red
to near-IR part of the absorption spectra and two sharp fea-
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tures between 390 and 420 nm. Additionally, the spectrum
of 1R is blueshifted with respect to the spectrum of 2R. Tol-
uene/benzene solution of both radicals 1R and 2R did not
show any fluorescence properties, indicating the complete
consumption of the fluorescent precursors 1 and 2. The re-
corded UV‑Vis absorption spectra of 1R and 2R resemble re-
ported electronic absorption spectra of oxophenalenoxyl
radicals.51

The radical nature of 1R and 2R was definitively con-
firmed by EPR spectroscopy. EPR directly probes the un-
paired electron spin and its interaction with neighbouring
nuclei with a nuclear spin through hyperfine coupling. EPR
signals of organic radicals are isotropic and reported by the
g-value centering the EPR signal. The obtained EPR spectra
of the oxophenalenoxyl radicals 1R and 2R in toluene are
shown in Figure 2C and 2D. The determined g-values are
2.0032 and 2.0031, respectively, comparable to the reported
values of oxophenalenoxyl derivatives in the litera-
ture.51,52,73 The g-values of 1R and 2R have a positive devia-
tion from the ge-value = 2.0000 of a free electron, which is an
indication that the SOMO level of the organic radical is lo-
cated closer to the HOMO than the LUMO level.74 For both
EPR spectra, no clear hyperfine splitting was observed, in
spite of the presence of various EPR active nuclei (H1 and in
case of 1R also F19). Nevertheless, barely visible shoulders at
g-values of ~2.0026 and ~2.0040 for 1R (Figure 2C) and 2R
(Figure 2D) are observed, respectively, indicative of some
degree of magnetic coupling between the radicals and nu-
clear spin(s) in both cases. The lack of hyperfine coupling is
likely due to the X-band nature of the EPR experiments, and
access to higher frequencies such as Q-band EPR might have
resolved this matter. Although no resolved hyperfine split-
ting was observed, both X-band EPR spectra verify the radi-
cal nature of 1R and 2R. Furthermore, treatment of both rad-

icals in benzene/toluene with hydrazine monohydrate in a
UV‑Vis experiment yielded quantitatively the correspond-
ing 6-hydroxyphenalenone derivatives 1 and 2 (Figure
S249).

Attempts to crystallize the radicals 1R and 2R were per-
formed by solvent layering. And indeed, slow diffusion of n-
hexane into a solution of 1R dissolved in toluene at 0 °C pro-
vided red cubic crystals suitable for X‑ray analysis. However,
the obtained crystal structure (Figure 3) was the one of the
6-hydroxyphenalenone 1, pointing at the limited stability of
the radical structure 1R. To investigate the radicalsʼ stability,
the temporal development of their UV‑Vis spectra was re-
corded in toluene at room temperature (Figures S18 and
S45). Half-life periods of 33 h for 1R and 25 h for 2Rwere de-
termined in the dark without additional measures to protect
the solutions from moisture and/or oxygen.

All intermediates and target structures were fully charac-
terized by 1H- and 13C‑NMR spectroscopy and high-resolu-
tion mass spectrometry. The target structures were addi-
tionally analysed by UV‑Vis spectroscopy and voltammetry.
The complete analytical data as well as the corresponding
spectra are provided in the Supplementary Information.

Crystal Structure of 6-Hydroxyphenalenone 1

As already mentioned above, the crystal structure of 1 was
obtained upon unsuccessful attempts to crystallize the radi-
cal 1R. 1 and 1R can easily be distinguished by bond lengths
in the solid-state structure, as for 1R similar bond length for
both C–O bonds are expected, while the 6-hydroxyphenal-
enone 1 exhibits different bond lengths for the carbonyl C=O
and the hydroxyl C–O bond. The crystal structure displays
bond lengths of 1.25 and 1.34 Å corroborating the 6-hy-

Scheme 3 Assembly of the target structures. Reactions and conditions: a) Pd2(dba)3, P(tBu)3, KF, THF, H2O, 70°C, 3 h, b) DIBAL‑H, THF, 0 °C, 2 h, c) 1. LiI,
DMPU, 170°C, 18 h, 2. 6M HCl, d) 1. BBr3, DCM, −78°C–r. t., 16 h, 2. 6M HCl, 30min, e) PbO2, dry toluene, 1 h, protected from light, moisture and air.
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droxyphenalenone core structure. The solid-state structure
further provided insight into the degree of aromatization
within the structure subunits. The bond lengths of the two
3,5-difluorothioanisole substituents (rings D and E in Figure
3) are all quite comparable: 1.37 Å and 1.39 Å, pointing at an
aromatic system with equilibrated bond lengths. A much
wider length distribution is, however, recorded for the 6-hy-
droxyphenalenone core (rings A, B, and C in Figure 3), with
values ranging from 1.36 to 1.48 Å.

While for ring A, the bond lengths remain between 1.38
and 1.42 Å and thus it can still be considered as an aromatic
system; the rings B and C of the naphthalene substructure

show an even wider C–C bond length distribution ranging
from 1.36 to 1.48 Å. In addition, the bond lengths are alter-
nating along a path through the naphthalene between both
oxygen atoms (orange coloured in Figure 3A). All other
bonds in the naphthalene substructures remain between
1.414 and 1.475 Å. Based on these observations, it seems
that the electronic pathway through the 6-hydroxyphenal-
enone core is better described as a discrete conjugated sys-
tem consisting of alternating single and double bonds than
as a delocalized π-system. The carbon atoms 2 and 5 of the
6-hydroxyphenalenone core are part of the electronic path-
way, such that the current passing through the substituents

Figure 2 UV‑Vis absorption and EPR measurements: A) and B) show the UV‑Vis absorption spectra recorded after exposing 6-hydroxyphenalenones 1
and 2 to freshly precipitated PbO2 in dry deaerated toluene protected from light. C) and D) show the EPR spectra recorded form their respective radicals
1R and 2R in toluene at room temperature.
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mounted at these positions most likely follows that pathway
too. The 2,6-difluorothioanisole substituents at the posi-
tions 2 and 5 display different torsion angles with respect
to the 6-hydroxyphenalenone core.

The torsion angle between thioanisole ring E and the ring
C (Figure 3C) is by 25° larger than the torsion angle between
the thioanisole D and the ring B (Figure 3B). This difference
in torsion angle can be rationalized by the hydroxyl forming
hydrogen bonds with one of the fluorine atoms of the adja-
cent thioanisole D. And indeed, the fluorine–oxygen bond
distance of 2.7 Å (Figure 3B) supports this hypothesis. Con-
sidering the bond length of an oxygen–hydrogen bond of
~0.8 Å, a hydrogen-to-fluorine distance of ~1.8 Å can be esti-
mated, matching well with reported H⋯F hydrogen bonds.75

UV‑Vis Analysis

The UV‑Vis spectra of the 6-hydroxyphenalenone deriva-
tives (1–5) were recorded in acetonitrile with 1% TFA as an
acidic buffer to observe the protonated species and in MeOH
with additional 10% of an aqueous 2M KOH solution to char-
acterise the deprotonated compounds. Derivative 2 displays
a low enough acidity that it was not necessary to add TFA to
obtain a UV‑Vis spectra of the protonated form. However,
the other derivatives did show slight deprotonation and
therefore required addition of TFA. TFA was chosen because
it hardly affected the absorption spectrum of 2. With the ex-
ception of a small redshift (3 nm) of the λmax absorption
band at 444 nm (Table 1, entry 2 (red)), all other absorption
signals of 2 remained unaffected. The UV‑Vis spectra for all
protonated and all deprotonated 6-hydroxyphenalenone
derivatives have very comparable shapes (Table 1, top).

Looking at the spectra recorded in acetonitrile (Table 1, top,
A and B), it is clearly visible that the two thioanisole deriva-
tives 1 and 2 show a blueshift in both the absorption and
emission properties compared to the phenyl derivatives 3,
4 and 5. In addition, a redshift in absorption and emission
for increasing electron density of the thioanisole substitu-
ents can be observed. The redshift for increasing electron
density is also visible for the three phenyl derivatives 3, 4
and 5, although the electron-donating tert-butyl group of 4
seems to have a stronger electronic influence compared to
the electron-withdrawing fluorine substituent of 5, as 5
and 3 show almost identical absorption and emission spec-
tra.

Interestingly, the fluorescence quantum yield (QY) in-
creases with increasing electron deficiency as can be seen
in Table 1. The QY of the 3,5-difluorothioanisole derivative
1 shows an increase of 14.7% compared to that of the di-
methyl derivative 2. The same electronic effect on the QY is
observed for the phenyl derivatives 3–5, where 4 shows the
lowest while 5 shows the highest QY of the three phenyl de-
rivatives.

The optical properties recorded in basic media behave
similar to the native 6-hydroxyphenalenone derivatives, an
increase in QY upon reduction of the electron density as well
as a clear redshift for increasing electron density was ob-
served (Table 1). A strong redshift in both the absorption
and emission bands upon deprotonation accompanied by a
large increase in QY is observable for all 6-hydroxyphenal-
enone derivatives. For example, the absorption λmax of 2
shifts from 447 to 579 nm and the QY increases from
7.2 ± 0.9% to 46 ± 0.5% upon deprotonation. This redshift as
well as the large increase in QY indicates the increased aro-
maticity in the central phenalenon structure upon depro-

Figure 3 Crystal structure of 1 recorded at 150 K. Hydrogen atoms are omitted for clarity: A) frontal view of 1; the sequence of alternating bond lengths
through the bottom of the naphthalene sub-structure is highlighted by a dark yellow background. The dotted dark blue dashed arrow displays the
sulphur-to-sulphur distance of 15.53 Å. B) Side view facing the hydroxyl substituent. The green dashed arrow indicates the oxygen fluorine distance of
2.7 Å. The red-dotted lines indicate the torsion angle of −54° between ring B and ring D. C) Side view facing the carbonyl substituent. The red-dotted line
indicates the torsion angle of −79° between ring C and ring E.
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tonation. Another general observation is that the thioanisole
derivatives (1 and 2) show blueshifted absorption features
accompanied by an increased QY compared to the phenyl
derivatives.

Electrochemical Analyses

The redox properties of the 6-hydroxyphenalenone deriva-
tives 1–5 were of particular interest considering their po-
tential as electrochemically triggered switches, and were in-
vestigated by CV. In the case of irreversible oxidations or re-
ductions in the recorded CVs, the analyses were comple-

Table 1 UV‑Vis absorption and emission properties of the 6-hydroxyphenalenone derivatives 1–5

6-Hydroxyphenalenone

derivative

ACN (1% TFA)

absorption [nm]

ACN (1% TFA)

emission [nm]

Int. quantum
efficiency [%]

ACN (1% TFA)

MeOH
(10% 2M KOH)

absorption [nm]

MeOH
(10% 2M KOH)

emission [nm]

Int. quantum
efficiency [%]

MeOH (10% 2M KOH)

1 (black) 440, 371, 277 553 21.9 ± 1.8 563, 319 591 52.4 ± 1.0

2 (red) 447/444a, 369/369a, 275/275a 559.8 7.2 ± 0.9 579, 301 604 46.1 ± 0.5

3 (blue) 452, 372.5, 288 601 14.6 ± 0.4 590, 322.5 629 24.0 ± 0.3

4 (orange) 458, 375, 293 606 10.9 ± 0.5 594, 324 637 21.6 ± 0.4

5 (green) 450, 372.5, 287.5 602 15.0 ± 0.2 588.5, 320.5 627 33.1 ± 1.1

The 6-hydroxyphenalenone derivatives are colour-coded with 1 (black), 2 (red), 3 (blue), 4 (orange), and 5 (green). A) Absorption spectra and B) emission spectra
recorded in acetonitrile with 1% TFA to ensure complete protonation of the 6-hydroxyphenalenone, C) absorption spectra and D) emission spectra recorded in MeOH
with 10% 2M KOH to ensure complete deprotonation of the 6-hydroxyphenalenone · aNoTFA additive.
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mented by square wave voltammetry (SWV). CVs of 6-hy-
droxyphenalenone derivatives 1–5 were recorded in dry
deaerated acetonitrile with 0.1M NBu4PF6 as the supporting
electrolyte. Decamethylferrocene (Me10Fc) was used as an
internal standard in the redox experiments, due to its oxida-
tion signal, which is with E1/2(Me10 Fc+/Me10Fc) = −0.096 V
vs. saturated calomel electrode (SCE)76 outside the redox
signals of 6-hydroxyphenalenone derivatives.

The CV recorded for 1 showed two reversible redox cou-
ples at E1/2 = 0.42 V and E1/2 = −1.81 V vs. SCE (Figure 4A). The
reversibility of the redox couples was corroborated by the

linear relationship between the peak current and the scan
rate in the Randles–Ševčík plot (Figure 4C). The remaining
2,5-diaryl 6-hydroxyphenalenones 2–5 displayed mainly ir-
reversible redox signals. The exception was 5 with electron-
deficient aryl substituents, which showed reversible redox
couples at E1/2 = −1.90 V and E1/2 = −2.17 V against SCE (Fig-
ure S88). Again, the Randles–Ševčík plot corroborated the
reversibility of these redox events (Figure S88E). As an ex-
ample of a compound with irreversible redox events, the CV
and SWV of 2 are displayed in Figure 4B. A multitude of
peaks were observed, from which some were attributed to

Figure 4 Electrochemical analysis of the 6-hydroxyphenalenone derivatives recorded in acetonitrile with 0.1M NBu4PF6 as a supporting electrolyte at
r. t. All spectra were calibrated against the Me10 Fc+/Me10Fc couple and are reported against SCE: A) the CV of 1 (1.4mM). The spectrum shows two clear
redox couples one at E1/2 = 0.42 V and one at E1/2 = −1.81 V. B) The CV (in black) and the SWV (in red) of 2 (2.4mM). The voltammogram shows an
irreversible oxidation at Eonset = 1.13 V and reduction at Eoffset = −1.8 V. C) Randles–Ševčík plot of the redox couples shown in A) determined form the
isolated couples. The lines in black and red correspond to the couple at E1/2 = 0.42 V, while the green and blue lines correspond to the couple at E1/2 =
−1.81 V. All lines show a prefect linear fit confirming full reversibility of both redox couples over all recorded scan rates. D) The HOMO and LUMO level
energies of the 6-hydroxyphenalenone derivatives 1, 2, 3, 4 and 5 are shown in black, red, orange, green and blue, respectively. The inset shows a
zoomed-in view of the HOMO levels of 3, 4 and 5.
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degradation products. During the CV and SWV experiments,
the formation of an orange layer at the electrode surface was
observed, pointing at insoluble degradation products.

By scanning exclusively negative or positive scan regions,
the two pronounced peaks at −0.16 V and 0.20 V vs. SCE visi-
ble in the SWV as well as the CV spectra of 2 were identified
as emerging from degradation products, which arise from
the irreversible oxidation and reduction at Eonset = 1.13 V
and Eoffset = −1.8 V vs. SCE, respectively.

The HOMO and LUMO levels were estimated using the
empirical relationship reported by Janssen et al.77 based on
the oxidation and reduction potentials of 1–5. The deter-
mined energy levels of the frontier orbitals are displayed in
Figure 4D. While the LUMO levels of the investigated com-
pounds seem to be overall unaffected by the different aryl
substituents, the HOMO levels display more variation. Con-
sidering only the small series 3–5 without a methyl-sulfide
anchoring group, the variation can be rationalized by an in-
ductive effect of the arylʼs para-substituent. The HOMO level
of 4 with 4-tert-butyl phenyl groups is slightly higher than
the one of 3 with phenyl groups, and that of the latter is
slightly higher than the one of 5, with 4-fluorophenyl
groups. A HOMO level of comparable energy was also re-
corded for 2, with a methyl-sulfide group at the para-posi-
tion and two methyl groups at both ortho-positions. The
pronounced increase of the HOMO energy of 1 by 0.78 eV
compared to 2was surprising. The structural differences be-
tween 1 and 2 are only the four ortho-substituents of the
thioanisoles. While the methyl ortho-substituents of 2 are
inductively electron-donating, the fluorine atoms of 1 are
inductively electron-withdrawing. However, due to the fluo-
rine lone pairs they have a donating mesomeric effect,
which might excel the inductive effect. The intramolecular
H⋯F bond between the hydroxyl group and a fluorine atom
already observed in the solid-state structure might impact
the redox properties, as has been reported for the oxidation
potential of other redox systems.78,79 Finally, also steric ef-
fects like the increase of the π-system due to coplanar ar-
rangements of the aryl substituents as already hypothesized
in the discussion of the UV spectra might contribute to the
considerably increased HOMO energy of 1 relative to 2.

However, the shape of the UV‑Vis spectra of the series 1–
5 was mainly dictated by the 6-hydroxyphenalenone core.

The different aryl substituents did not affect the shape of
the spectra, but only caused a red- or blueshift depending on
the electron density of the substituent. Whereas the redox
properties seem to strongly reflect the nature of the aryl
substituents.

Spectroelectrochemical Analysis

To identify and characterize the species formed in the elec-
trochemical experiment, UV‑Vis spectra of 1 were recorded

in situ while an electrochemical experiment was performed.
A solution of 1 in acetonitrile with 0.1M NBu4PF6 as the sup-
porting electrolyte was exposed to oxidising and reducing
potentials. The obtained differential UV‑Vis spectra and the
obtained isosbestic points are shown in Figure S17. The ap-
plied potentials were chosen to be slightly more negative or
positive than the redox couples determined by CV (Figure
4A). In the spectroelectrochemical investigation, decameth-
ylferrocene was not added as an internal standard, to avoid
an additional species in the UV‑Vis spectra. Instead, a silver
wire was used as a pseudo-reference.

The reducing potential was set to −1.8 V, which is just be-
low the redox couple with E1/2 at −1.72 V vs. Me10 Fc+/
Me10Fc and above −1.9 V, which is the point at which the
solvent starts to degrade. Applying a potential of −1.8 V led
to the formation of several new bands (red in Figure 5A),
while the bands of the original spectrum vanished (black in
Figure 5A). The dynamic changes in the spectra of 1 upon ap-
plying −1.8 V are displayed in Figure 5A. The new λmax at
562 nm with a shoulder at 533 nm fits perfectly to λmax at
563 nm of 1 in MeOH and 10% 2M KOH. Interestingly, the
broad absorption band at 319 nm seems to split into two
distinct peaks with maxima at 360 and 328 nm. Also the
high energy absorption band at 260 nm was detected in the
UV‑Vis spectrum of 1 recorded in MeOH and 10% 2M KOH.
In conclusion, the species formed from 1 upon applying a re-
duction potential of −1.8 V corresponds to the anionic form
of 1 (Figure 1C).

Upon applying an oxidizing potential of 1 V just above the
offset potential of 0.78 V of the redox couple at E1/2 = 0.52 V
vs. Me10 Fc+/Me10Fc of 1, a very broad absorption band with
λmax at 765 nm arises from the baseline. Thereafter, two very
sharp features are observed at 409 and 387 nm (Figure 5B).
The evolution of the spectra of 1 upon applying 1 V is dis-
played in Figure 5B. The final spectrum (red in Figure 5B) re-
sembles the one obtained for 1R, upon treating 1 with PbO2
in dry deaerated dry toluene (Figure 2B). The spectrum re-
corded in toluene is slightly blueshifted compared to the
one obtained after electrochemical oxidation in acetonitrile.
Nevertheless, the good fit of the data corroborates that the
electrochemically formed species is the neutral radical 1R
(Figure 1C). Interestingly, a further increase of the potential
to 1.3 V resulted in the degradation of 1R, indicated by the
disappearance of all major absorption peaks above 400 nm.

Single-Molecule Transport Studies

As already elucidated in the Introduction, the motivation to
develop the 2,5-diaryl 6-hydroxyphenalenones was the in-
vestigation of externally triggered switching events in sin-
gle-molecule transport studies. While the electrochemically
controlled single-molecule transport experiment has not
been performed yet, the samples 1 and 2 exposing methyl-
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sulfide anchor groups should be suited for preliminary
transport studies, demonstrating the suitability of the mod-
el compounds for molecular junctions. Our focus was set on
the structure 1, which displayed well-addressable redox
states in the electrochemical as well as the spectroelectro-
chemical experiments.

The ability of compound 1 to form single-molecule junc-
tions was thus investigated in a MCBJ experiment. In this
type of break junction experiment, a lithographically de-
fined gold nanowire is stretched until it ruptures forming
two nanoscale-sized electrodes, while monitoring the cur-
rent flowing through the system. The electrodes are then
further displaced till the monitored current reaches the
noise level.

Thereafter, the electrodes are pushed back together to re-
form the nanowire. The procedure is repeated thousands of
times providing large data sets allowing their statistical
treatment. If the formed junction is empty, i.e. there is no
molecule bridging it, the current decays exponentially with
the displacement between the electrodes. If there are mole-
cules bridging the electrodes, the current will be roughly
constant for a range of displacement, defining a “molecular
plateau.” For the measurements, 5 µL of either 1 or 0.1mM
MeOH solution of 1 was drop-casted onto a MCBJ setup. To
ensure reproducibility, the measurement was repeated
three times with a 1mM solution and two times with a
0.1mM solution. If the traces are collected in two-dimen-
sional (2D) conductance-displacement histograms (left pan-
els of Figure 6A–C), the molecular plateau will form a high-
counts area that stays constant for a range of displacements
proportional to the length of the molecule. On the other

hand, empty traces will show only a high-counts area having
a steep slope. Considering one-dimensional (1D) conduc-
tance histograms (right panels of Figure 6A–C), molecular
traces present a characteristic peak, which follows a log-
normal shape. The centre of such distribution is the “most-
probable conductance” of the molecule. However, empty
traces will show a slow increase of the counts with decreas-
ing conductance.80

To represent all the measurements in combined histo-
grams, we collected the traces of each measurement and
treated it as a single dataset. The collected breaking traces
were then used to build the 2D conductance displacement
histograms and 1D conductance histograms of Figure 6A. A
previously established clustering algorithm81 was used to
isolate the traces containing molecular features (Figure 6B),
showing the characteristic peak in the 1D conductance his-
togram, from the empty ones (Figure 6C). Fitting these histo-
grams of 1, a conductance plateau at 2.6 × 10−6G0 with a
length of 1 nm was obtained.

Adding the snapback distance of 0.5 nm to the obtained
plateau length yields an absolute displacement of the two
electrodes of ~1.5 nm, which is in good agreement with the
sulphur-to-sulphur distance of 15.53 Å extracted from the
solid-state structure of 1 (Figure 3A).82,83 The relatively low
conductance of 1 was expected for two reasons. First, as al-
ready discussed with the solid-state structure, the naphtha-
lene substructure of 1 displayed limited aromaticity and
thus also restricted transport features were anticipated. Sec-
ond, methyl-sulfide anchor groups are chemically robust
and are known to yield sharp conductance features, but their

Figure 5 Spectroelectrochemical measurement of 1 in dry deaerated acetonitrile with 0.1M NBu4PF6 as the supporting electrolyte. A) The UV‑Vis
spectra recorded at an applied potential of −1.8 V. B) The UV‑Vis spectra recorded at an applied potential of 1 V. In black the original spectra whereas in
red the newly formed species are indicated. The concentration was chosen such that an absorbance of 0.2 (a.u.) at λ = 440 nm was reached.
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transparency for electric currents is known to be considera-
bly smaller than, e.g., thiol anchor groups.84,85

More information on the methodology and an overview
of all five measurements are provided in the Supplementary
Information (MCBJ Measurements of 1 and their Analysis).

Conclusions

A universal synthetic strategy towards 6-hydroxyphenalen-
one derivatives using the versatile key intermediate 14 is re-
ported. Using this strategy, five derivatives with different ar-
yl substituents were synthesized and their properties were
investigated by optical spectroscopy and electrochemical
experiments. Two of the model compounds (1 and 2) expose
methyl-sulfide anchoring groups making them suitable can-
didates for the formation of molecular junctions. From both
structures the oxophenalenoxyl radicals 1R and 2Rwere ob-
tained by wet chemical treatment with PbO2. Spectroelec-
trochemical studies demonstrate that the radical 1R can also
be obtained electrochemically, by oxidizing a sample of 1.
The electrochemical reversibility of the redox events of 1
demonstrates its suitability for electrochemically addressed
single-molecule junctions. And indeed, preliminary MCBJ
experiments show the efficiency of 1 in the formation of
molecular junctions. In particular, a conductance plateau at
2.6 × 10−6G0 with a plateau length of 1 nm is observed.

Currently, we are exploring the here-presented model
compounds 1 and 2 as molecular switches in MCBJ experi-
ments, triggered either by wet chemical reagents or by elec-
trochemical means.

Experimental Section

Dry diisopropylamine was obtained by distillation from so-
dium hydride under argon. Dry THF, dioxane, toluene and
benzene were obtained by distillation from sodium and
benzophenone under argon. All other chemicals and anhy-
drous solvents were used as purchased without further pu-
rification, unless stated otherwise. Deuterated solvents were
obtained from Cambridge Isotope Laboratories, Inc. (And-
over, MA, USA). All other commercially available starting
materials and solvents were purchased from Honeywell, Sig-
ma-Aldrich, Acros or Fluorochem. NMR experiments were
performed on a 400 or 500MHz Bruker Avance III spectrom-
eter equipped with a QNP or BBFO probe head, respectively.
All 600MHz spectra were recorded on either a Bruker
Avance III NMR spectrometer operating at 600.13MHz pro-
ton frequency equipped with a direct observe 5mm BBFO
smart probe or an indirect 5mm BBI probe or a Bruker
Avance III HD NMR spectrometer operating at 600.13MHz
proton frequency equipped with a cryogenic 5mm four-
channel QCI probe (H/C/N/F). All spectra were recorded at
298 K. The chemical shifts (δ) are reported in parts per mil-
lion (ppm) relative to tetramethylsilane or referenced to re-
sidual solvent peaks and the J values are given in Hz
(± 0.1 Hz). EPR spectra (X-band) were recorded on a Bruker
ELEXSYS‑II E500 CW‑EPR spectrometer. Samples for EPR
measurements were prepared in capillary tubes and mea-
sured at r. t. For HRMS, a HR‑ESI‑ToF‑MS measurement on a
maXisTM 4 G instrument from Bruker was performed. Gas
chromatography-mass spectrometry (GC‑MS) results were
recorded using a Shimadzu GC‑MS-2020-SE instrument
equipped with a Zebron 5 MS Inferno column, with a tem-
perature range of up to 350°C. Column chromatography
was performed on SiliaFlash®P60 from SILICYCLEwith a par-

Figure 6 Electronic conductivity measurement of 1 with a MCBJ setup. A) The merged raw data from all five performed measurements with a total of
21927 consecutive breaking traces. B) Conduction traces with a molecular conductance contribution identified by an unsupervised clustering algorithm.
The clustering method identified in approximately 37% of all traces a molecular conductance contribution. C) Breaking traces in which the clustering
algorithm did not identify a molecular conductance contribution. The small peak at around 10−6G0 is an artefact originating from the electronics
employed during the measurement. It is mostly present in the rapidly decaying empty traces, and thus it is not a molecular feature.
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ticle size of 40–63 µm (230–400 mesh). TLC was performed
on Silica gel 60 F254 glass plates with a thickness of 0.25mm
from Merck using fluorescence quenching under UV light at
254 nm for the localization of sample spots. Automated re-
cycling GPC was performed on a Shimadzu Prominence Sys-
tem equipped with two SDV preparative columns in series
from Polymer Standards Service (PSS) (20 × 600mm each,
exclusion limit: 30000 g/mol). UV‑Vis absorption spectra
were recorded at 20 °C on a Jasco V-770 spectrophotometer.
UV‑Vis emission spectra were recorded at 20°C on a JASCO
Spectrofluorometer FP-8600. CV was performed in an
MBraun Glovebox under argon. As a working electrode, a
glassy carbon disk electrode was used while as a counter
and (pseudo-) reference electrode a silver wire was used.
The voltage was applied and controlled with a VersaSTAT
3–200 potentiostat from Princeton Applied Research. SWV
experiments were recorded at a frequency of 100 Hz with a
step height of 10mV and a pulse height of 25mV was cho-
sen. All presented data were taken from the first scan to ex-
clude effects of repetitive oxidation and reduction on the
voltammogram. If the first scan did start with a current dip,
the data were taken after the dip. Spectroelectrochemical
measurements were performed in an argon-filled glovebox
from MBraun using a fibre-based UV‑Vis absorption setup.
A platinum grid electrode was used as a working electrode
in a quartz cuvette. A silver wire, which was separated from
the analyte solution by a frit, served as a pseudo-reference
electrode and a platinum wire was employed as a counter
electrode. To apply and control the potential, a VersaSTAT 4
potentiostat from Princeton Applied Research was em-
ployed. As a light source, a DH-mini UV‑Vis-NIR Deuteri-
um–Halogen source from Ocean Insight was used and an
Ocean HDX‑XR spectrometer served as the detector. IR spec-
tra were recorded with a Shimadzu IRTracer-100.

8-(Tert-butyl)-2,5-bis(2,6-difluoro-4-(methylthio)phen-
yl)-6-hydroxy-1H-phenalen-1-one 1: A round bottom flask
was charged with compound 29 (20.0mg, 32.4 µmol, 1
equiv) dissolved in dry DCM (5mL) and purged with argon
for 15min. The mixture was then cooled to 0°C. Thereafter,
BBr3 (0.01mL, 99%, 100 µmol, 3.1 equiv) was added drop-
wise and the mixture was left to warm up to r. t. over 16 h.
The reaction was then quenched by careful addition of aq.
6M HCl and stirred for another 30min and then poured into
ice water and extracted with DCM (two times). The com-
bined organic was washed with brine (two times), dried
over anhydrous Na2SO4 and concentrated under reduced
pressure. The crude was further purified by column chroma-
tography on silica gel (chloroform:pentane 2: 1 0.1% TFA)
and reverse phase column chromatography on C18 function-
alised silica gel (CH3CN:H2O 10 :1 + 0.1% formic acid) yield-
ing 1 (10.0mg, 18.0 µmol, 54.3%).
1H NMR (600MHz, CDCl3) δ: 9.00 (s, 2 H), 7.92 (s, 2 H), 6.93
(m, 4 H), 2.53 (s, 6 H), 1.53 (s, 9 H).

1H{19F} NMR (600MHz, CDCl3) δ: 9.00 (s, 2 H), 7.92 (s, 2 H),
6.93 (s, 2 H), 2.53 (s, 4 H), 1.53 (s, 6 H).
19F NMR (565MHz, CDCl3) δ: −75.75 (TFA), −110.64.
13C NMR (151MHz, CDCl3) δ: 170.83, 161.61 (d, J = 8.0 Hz),
161.05 (q, J = 44.0, 43.3 Hz(TFA)), 159.95 (d, J = 8.0 Hz),
151.70, 144.34 (t, J = 10.1 Hz), 143.35, 131.71, 126.24,
125.85, 120.23, 118.54, 114.42 (q, J = 285.0 Hz(TFA)), 109.19
(d, J = 5.3 Hz), 109.04 (d, J = 5.0 Hz), 107.80 (t, J = 20.6 Hz),
35.87, 31.34, 15.16.
13C NMR (151MHz, CDCl3) dept δ: 143.13, 131.51,
109.21–108.75 (m), 31.19, 15.02.
HRMS (ESI) m/z:
Calcd. for [C31H24F4O2S2 + H]+ 569.1221 [M + H]+; 569.1227

[C31H24F4O2S2 + Na]+ 591.1044 [M + Na]+;
591.1046
[C31H23F4O2S2 + 2 × Na-H]+ 613.0855
[M + 2 × Na-H]+; 613.0865.

2-(Tert-butyl)-5-(2,6-difluoro-4-(methylthio)phenyl)-8-
fluoro-10-(methylthio)-4H-phenaleno[1,2-b]benzofu-
ran-4-one 1′: A round bottom flask was charged with LiI
(32.5mg, 243 µmol, 6 equiv) and then heated under vacuum
to 120°C for 10min. The solid was then cooled to r. t. and
flushed with argon. Then compound 29 (25.0mg,
40.5 µmol, 1 equiv) was added followed by dry DMPU
(1.5mL). The mixture was purged with argon in a sonicator
for 30min. The flask was then heated in a preheated oil bath
(170°C) for 20 h. The mixture was then left to cool to r. t.,
poured into concentrated HCl (36%) diluted with Et2O and
filtered. The collected solids were washed with 1M HCl and
dried under hv yielding 1′ (20.0mg, 36.0 µmol, 90%).
1H NMR (600MHz, CDCl3) δ: 8.91 (d, J = 2.0 Hz, 1 H), 8.74 (d,
J = 2.1 Hz, 1 H), 8.31 (s, 1 H), 7.95 (s, 1 H), 7.42 (s, 1 H), 7.06
(d, J = 9.9 Hz, 1 H), 6.90 (d, J = 8.0 Hz, 2 H), 2.62 (s, 3 H), 2.54
(s, 3 H), 1.56 (s, 9 H).
13C NMR (151MHz, CDCl3) δ: 182.72, 161.79, 160.16 (d,
J = 8.3 Hz), 158.11 (d, J = 10.4 Hz), 157.88, 156.21, 154.34,
151.67, 143.71, 142.01, 140.22 (d, J = 8.0 Hz), 130.01,
129.83, 127.80, 125.87–125.84 (m), 125.32, 123.80, 123.36,
120.23, 118.15 (d, J = 2.2 Hz), 110.79 (d, J = 21.4 Hz), 110.24
(t, J = 20.6 Hz), 109.07–108.79 (m), 108.71 (d, J = 21.0 Hz),
105.50 (d, J = 3.6 Hz), 35.83, 31.49, 16.24, 15.49.
13C{1H} dept-135 NMR (151MHz, CDCl3) δ: 143.59, 129.89,
125.74, 123.24, 108.91–108.67 (m), 108.66, 108.52, 105.37
(d, J = 3.5 Hz), 31.36, 16.12, 15.36.
19F{1H} NMR (376MHz, CDCl3) δ: −110.93, −118.24.
19F NMR (376MHz, CDCl3) δ: −110.93 (d, J = 7.9 Hz), −118.24
(d, J = 10.0 Hz).
HRMS (ESI) m/z:
Calcd. for [C31H23F3O2S2 + Na]+ 571.0976 [M + Na]+;

found 571.0984.

Oxophenalenoxyl 1R: Lead tetraacetate (10 g) was dis-
solved in glacial acetic acid (26mL) and benzene (3mL).
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Thereafter, H2O (10mL) was added and the mixture was
shaken for 20min. The lead dioxide was then centrifuged
and the benzene/acetic acid/water mixture was removed.
The solid precipitate was then suspended in acetone, centri-
fuged and the acetone solution was discarded. This was re-
peated 5 times followed by a final suspension in toluene
which was centrifuged and the toluene solution was dis-
carded. The precipitated lead dioxide was dried over night
at the hv (2 × 10−2) and then directly used (for every experi-
ment a new batch of lead dioxide was prepared).
An oven-dried argon flushed Schlenk tube was charged with
lead dioxide (620mg). Then a 5mmol/L solution of 1 (5mg,
8.79 µmol, 1 equiv) in dry toluene (1.76mL) was added and
the mixture was then stirred for 1 h under argon at r. t. The
mixture was then filtered under argon. The toluene solution
was directly used for the EPR and UV‑Vis experiments as
concentration of the solution at the rotational evaporator al-
most quantitatively quenched the radical.
EPR (X-band): g-value = 2.0032.

8-(Tert-butyl)-2,5-bis(2,6-dimethyl-4-(methylthio)phen-
yl)-6-hydroxy-1H-phenalen-1-one 2: A round bottom flask
was charged with LiI (10.3mg, 76.6 µmol, 2.3 equiv) and
then heated under vacuum to 120°C for 10min. The solid
was then cooled to r. t. and flushed with argon. Then com-
pound 30 (20.0mg, 33.3 µmol, 1 equiv) was added, followed
by addition of dry DMPU (1mL). The mixture was purged
with argon in a sonicator for 30min. The flask was then
heated in a preheated oil bath (170°C) for 18 h. The mixture
was then left to cool to r. t., and then poured into 6M HCl
(36%). The mixture was extracted with distilled (to remove
the BHT stabiliser) Et2O (two times). The combined organic
phase was then washed with water and brine, dried over an-
hydrous Na2SO4, filtered and concentrated under reduced
pressure. The crude was further purified by reverse phase
column chromatography on C18-functionalised silica gel
(CH3CN:H2O 10 :1 + 0.1% formic acid) yielding 2 as an or-
ange amorphous solid (16mg, 28.9 µmol, 87%).
1H NMR (500MHz, CDCl3) δ: 8.87 (d, J = 2.0 Hz, 1 H), 8.66 (d,
J = 2.0 Hz, 1 H), 7.47 (s, 1 H), 7.35 (s, 1 H), 7.13 (s, 1 H), 7.04 (s,
1 H), 2.55 (s, 3 H), 2.51 (s, 3 H), 2.18 (s, 6 H), 2.11 (s, 6 H), 1.53
(s, 9 H).
13C NMR (126MHz, CDCl3) δ: 183.96, 152.46, 152.19 (ex-
tracted by HMBC and HMQC), 150.36, 141.04, 139.96,
139.10, 137.67, 137.25, 137.05, 134.34 (extracted by HMBC
and HMQC), 133.19, 130.21, 129.70, 126.65, 125.93, 125.78,
125.21, 123.50, 121.40, 120.67, 35.75, 31.59, 20.78, 20.68,
16.10, 15.48.
HRMS (ESI) m/z:
calcd. for [C35H36O2S2-H2O + Na]+ 575.2053 [M + Na]+;

found 575.2049

Oxophenalenoxyl 2R: Lead tetraacetate (10 g) was dis-
solved in glacial acetic acid (26mL) and benzene (3mL).

Thereafter H2O (10mL) was added and the mixture was
shaken for 20min. The lead dioxide was then centrifuged
and the benzene acetic acid water mixture was removed.
The solid precipitate was then suspended in acetone, centri-
fuged and the acetone solution was discarded. This was re-
peated 5 times followed by a final suspension in toluene
which was centrifuged and the toluene solution was dis-
carded. Precipitated lead dioxide was dried overnight at the
hv (2 × 10−2) and then directly used (for every experiment, a
new batch of lead dioxide was prepared).
An oven-dried argon flushed Schlenk tube was charged with
lead dioxide (620mg). Then a 5mM solution of 2 (1 mg,
1.81 µmol, 1equiv) in fresh distilled toluene (0.36mL) was
added and the mixture was then stirred for 1 h under argon
at r. t. The mixture was then filtered under argon. The tolu-
ene solution was directly used for the EPR and UV‑Vis ex-
periments as concentration of the solution at the rotational
evaporator almost quantitatively quenched the radical.
EPR (X-band): g-value = 2.0031.

8-(Tert-butyl)-6-hydroxy-2,5-diphenyl-1H-phenalen-1-
one 3: A round bottom flask was charged with LiI (17.7mg,
133 µmol, 6 equiv) and then heated under vacuum to 120°C
for 10min. The solid was then cooled to r. t. and flushed with
argon. Then compound 31 (10.0mg, 22.1 µmol, 1 equiv) was
added followed by dry DMPU (1.1mL). The mixture was
purged with argon in a sonicator for 30min. The flask was
then heated in a preheated oil bath (170°C) for 18 h. The
mixture was then left to cool to r. t., and then poured into
concentrated HCl (36%). The mixture was extracted with
distilled (to remove the BHT stabiliser) Et2O (two times).
The combined organic phase was then washed with water
and brine, dried over anhydrous Na2SO4, filtered and con-
centrated under reduced pressure. The crude was further
purified by reverse phase column chromatography on C18-
functionalised silica gel (CH3CN:H2O 10:1 + 0.1% formic ac-
id) yielding 3 as an orange amorphous solid (3mg,
7.42 µmol, 34%).
HPLC-grade TFA (50 µL) was added to the NMR spectrum to
push the compound into a well-defined protonation state.
1H NMR (600MHz, CDCl3) δ: 10.40 (s, 1 H, TFA), 9.05 (s, 2 H),
8.01 (s, 2 H), 7.56 (m, 8 H), 7.53–7.46 (m, 2 H), 1.55 (s, 9 H).
13C NMR (151MHz, CDCl3) δ: 170.26, 160.68 (q, J = 44.1,
42.3 Hz (TFA)), 151.80, 142.13, 135.10, 132.26, 130.61,
129.66, 129.32, 129.13, 125.09, 120.70, 114.47 (q,
J = 285.0 Hz (TFA)), 35.89, 31.39.
13C{1H} dept-135 NMR (151MHz, CDCl3) δ: 141.87, 132.02,
129.51, 129.19, 128.99, 31.25.
19F NMR (565MHz, CDCl3) δ: −75.70 (TFA).
HRMS (ESI) m/z:
Calcd. for [C29H24O2 + H]+ 405.1843 [M + H]+;

found 405.1849
[C29H24O2 + Na]+ 427.1660 [2M + Na]+;
found 427.1669.
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8-(Tert-butyl)-2,5-bis(4-(tert-butyl)phenyl)-6-hydroxy-
1H-phenalen-1-one 4: A round bottom flask was charged
with LiI (47.4mg, 354 µmol, 20 equiv) and then heated
under vacuum to 120°C for 10min. The solid was then
cooled to r. t. and flushed with argon. Then compound 32
(10.0mg, 17.7 µmol, 1 equiv) was added followed by dry
DMPU (1.5mL). The mixture was purged with argon in a
sonicator for 30min. The flask was then heated in a pre-
heated oil bath (170 °C) for 18 h. The mixture was then left
to cool to r. t., and then poured into aq. 6M HCl. The mixture
was extracted with distilled (to remove the BHT stabiliser)
Et2O (two times). The combined organic phase was then
washed with water and brine, dried over anhydrous Na2SO4,
filtered and concentrated under reduced pressure. The
crude was further purified by column chromatography on
silica gel (chloroform:pentane 8 :1 + 0.1% formic acid) fol-
lowed by GPC (CHCl3) yielding 4 as an orange amorphous
solid (4mg, 7.74 µmol, 44%).
1H NMR (600MHz, CDCl3) δ: 8.89 (s, 1 H), 8.67 (s, 1 H), 7.78
(s, 1 H), 7.68–7.59 (m, 5 H), 7.56–7.44 (m, 4 H), 6.33 (s, 1 H),
1.52 (s, 9 H), 1.41 (s, 9 H), 1.37 (s, 9 H).
13C NMR (151MHz, CDCl3) δ: 184.31,152.29, 151.98, 150.70,
150.35, 139.37, 136.85, 134.35, 133.49, 132.90, 130.15,
129.94, 129.02, 128.80, 127.13, 126.13, 125.24, 125.17,
123.58, 122.79, 121.28, 35.72, 34.96, 34.76, 31.59, 31.52,
31.46.
13C{1H} dept-135 NMR (151MHz, CDCl3) δ: 139.24, 133.36,
130.01, 128.89, 128.67, 127.00, 125.11, 125.04, 31.46,
31.39, 31.34.
HRMS (ESI) m/z:
Calcd. for [C37H40O2 + H]+ 517.3092 [M + H]+;

found 517.3101
[C37H40O2 + Na]+ 539.2915 [M + Na]+;
found 539.2921
[C37H40O2 + K]+ 555.2652 [M + K]+;
found 555.2660
[C74H80O4 + Na]+ 1055.5957 [2M + Na]+;
found 1055.5949.

8-(Tert-butyl)-2,5-bis(4-fluorophenyl)-6-hydroxy-1H-
phenalen-1-one 5: A round bottom flask was charged with
LiI (41.1mg, 307 µmol, 6 equiv) and then heated under vac-
uum to 120°C for 10min. The solid was then cooled to r. t.
and flushed with argon. Then compound 33 (25.0mg,
51.2 µmol, 1 equiv) was added followed by dry DMPU
(1.5mL). The mixture was purged with argon in a sonicator
for 30min. The flask was then heated in a preheated oil bath
(170°C) for 18 h. The mixture was then left to cool to r. t. and
poured into aq. 6M HCl. The mixture was extracted with
distilled (to remove the BHT stabiliser) Et2O (two times).
The combined organic phase was then washed with water
and brine, dried over anhydrous Na2SO4, filtered and con-
centrated under reduced pressure. The crude was further
purified by reverse phase column chromatography on C18-

functionalised silica gel (CH3CN:H2O 10:1 + 1% formic acid)
yielding 5 as an orange amorphous solid (9mg, 20.4 µmol,
40%).
HPLC TFA (75 µL) was added to the NMR spectrum to push
the compound into a well-defined protonation state.
1H NMR (600MHz, CDCl3) δ: 10.01 (s, 1 H (TFA)), 8.95 (s, 2
H), 7.87 (s, 2 H), 7.55 (t, J = 6.8 Hz, 4 H), 7.24 (t, J = 8.3 Hz, 4
H), 1.53 (s, 9 H).
1H{19F} NMR (600MHz, CDCl3) δ: 10.03 (s, 1 H (TFA)), 8.95 (s,
2 H), 7.87 (s, 2 H), 7.55 (d, J = 8.4 Hz, 4 H), 7.24 (d, J = 8.0 Hz, 4
H), 1.53 (s, 9 H).
13C NMR (151MHz, CDCl3) δ: 170.30, 163.96, 162.31, 160.58
(q, J = 42.2, 40.6 Hz (TFA)), 151.51, 140.47, 131.51, 131.25 (d,
J = 8.3 Hz), 131.08, 129.64, 125.96, 125.49, 120.58, 116.56 (d,
J = 21.8 Hz), 114.43 (q, J = 285.0 Hz (TFA)), 35.84, 31.41.
13C{1H} dept-135 NMR (151MHz, CDCl3) δ: 140.29, 131.11
(d, J = 8.2 Hz), 130.91, 116.42 (d, J = 21.6 Hz), 31.27.
19F NMR (376MHz, CDCl3) δ: −75.57 (TFA), −112.72.
HRMS (ESI) m/z:
Calcd. for [C29H22F2O2 – H]− 439.1523 [M – H]−;

found 439.1515.

3,6-Dibromonaphthalene-2,7-diol: A three-necked 250mL
round bottom flask equipped with a reflux condenser and a
dropping funnel was charged with naphthalene-2,7-diole 6
(2.00 g, 12.5mmol, 1.00 equiv) dissolved in acetic acid
(46mL). Then bromine (2.58mL, 50.1mmol, 4.01 equiv) in
acetic acid (15mL) was added dropwise followed by water
(6.2mL). The mixture was refluxed for 4 h and cooled to r. t.
over 14 h. Then tin powder (2.60 g, 21.9mmol, 1.75 equiv)
was added and the mixture was refluxed for 2 h. Then more
tin powder (742mg, 6.25mmol, 0.5 equiv) was added and
the mixture was again refluxed for 15 h. The hot solution
was filtered to remove the tin residue. The filtrate was then
diluted with water (750mL) and left standing in the fridge
for 15 h. The solids were filtered off, washed with water
and dried under reduced pressure yielding 7 as a white
amorphous solid (2.88 g, 9.07mmol, 73%).
The obtained analytical data matched previously reported
data.86
1H NMR (400MHz, acetone-d6) δ: 9.15 (s, 2 H), 8.02 (s, 2 H),
7.18 (s, 2 H).
13C NMR (101MHz, acetone-d6) δ: 152.25, 134.71, 131.00,
125.13, 110.09, 108.61.

2,7-Dibromo-3,6-dimethoxynaphthalene 8: An oven-
dried argon flushed round bottom flask was charged with
3,6-dibromonaphthalene-2,7-diol 7 (1.00 g, 3.15mmol, 1
equiv) and K2CO3 (2.18 g, 15.8mmol, 5 equiv). The flask
was purged with argon. Then dry acetone (10mL) followed
by MeI (0.981mL, 15.8mmol, 5 equiv) were added. The re-
action mixture was then stirred 19 h at r. t. Thereafter, aq.
NH4OHwas added to quench the reaction. The reaction mix-
ture was extracted with DCM (two times). The combined or-
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ganic phase was washed with water and brine, dried over
anhydrous Mg2SO4, filtered and concentrated under re-
duced pressure. The crude was further purified by column
chromatography on silica gel (cyclohexane:DCM 4:1) yield-
ing compound 8 (1.09 g, 3.15mmol, 100%) as a white amor-
phous solid.
The obtained analytical data matched previously reported
data.87
1H NMR (400MHz, CDCl3) δ: 7.89 (s, 2 H), 7.06 (s, 2 H), 3.99
(s, 6 H).
13C NMR (101MHz, CDCl3) δ: 154.47, 134.06, 131.17, 125.44,
111.56, 105.88, 56.37.

3,6-Dibromo-2,7-dimethoxy-1-naphthaldehyde 9: An
oven-dried argon flushed round bottom flask was charged
with compound 8 (500mg, 1.45mmol, 1 equiv) and dry
DCM (30mL). The mixture was then degassed for 10min
with argon and then cooled to −20°C. Then TiCl4 (0.165mL,
1.45mmol, 1equiv) was added slowly followed by the drop-
wise addition of dichloromethyl methyl ether (0.147mL,
97% pure, 1.60mmol, 1.1 equiv). The mixture was then left
to warm up to r. t. over 15 h. The reactionwas quenchedwith
aq. 1M HCl (30mL). The organic phase was separated and
the aqueous phase was extracted with DCM (two times).
The combined organic phase was then washed with aq. sat.
NaHCO3 and water, dried over anhydrous Mg2SO4, filtered
and concentrated under reduced pressure. The crude prod-
uct was further purified by column chromatography on sili-
ca gel (cyclohexane:DCM 2:1) yielding compound 9 as a
white solid (400mg, 1.07mmol, 74%).
1H NMR (500MHz, CDCl3) δ: 10.75 (s, 1 H), 8.80 (s, 1 H), 8.18
(s, 1 H), 7.95 (s, 1 H), 4.06 (d, J = 1.4 Hz, 7 H).
13C NMR (126MHz, CDCl3) δ: 192.10(C17), 163.16(C9),
157.24(C1), 138.75(C3), 131.53(C3), 131.31(C7), 127.85(C5),
122.98(C6), 114.47(C8), 114.40(C2), 104.92(C10), 64.57
(C13), 56.67(C14).
HRMS (ESI) m/z:
Calcd. for [C13H10Br2O3 + Na]+ 394.8885 [M + Na]+;

found 394.8889.

Methyl 2-(3,6-dibromo-2,7-dimethoxy-1-naphthoyl)-3,3-
dimethylbutanoate 10: An oven-dried argon flushed two-
necked round bottom flask was charged with dry THF
(20mL) and dry diisopropylamine (2.82mL, 20.1mmol, 15
equiv). This mixture was bubbled with argon for 10min
and cooled to 0°C. Then n-BuLi (7.50mL, 2.5M in n-hexane,
18.8mmol, 14 equiv) was added dropwise and the mixture
was stirred for 1 h at 0 °C. Thereafter, methyl tert-butylace-
tate (2.91mL, 19.4mmol, 14.5 equiv) was added and the
mixture was stirred for 30min. Then 3,6-dibromo-2,7-di-
methoxy-1-naphthaldehyde 9 (601mg, 1.61mmol, 1 equiv)
dissolved in dry THF (20mL) was added dropwise over
25min. The mixture was stirred for 40min at 0 °C. The reac-
tion was quenched with 1M HCl (20mL) and extracted with

EtOAc (two times). The combined organic phase was dried
over Mg2SO4, filtered and concentrated under reduced pres-
sure. The crude mixture was further purified by column
chromatography on silica gel (toluene:ethyl acetate 30 :1)
yielding 10 as an off-white amorphous solid (738mg,
1.46mmol, 91%).
1H NMR (500MHz, CDCl3) δ: 7.91 (s, 1 H), 7.88 (s, 1 H), 7.78
(s, 1 H), 5.87 (dd, J = 7.8, 4.9 Hz, 1 H), 4.02 (s, 3 H), 3.96 (s, 3
H), 3.73 (s, 3 H), 3.25 (d, J = 7.8 Hz, 1 H), 3.15 (d, J = 5.3 Hz, 1
H), 0.88 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 174.85, 154.02, 153.13, 132.14,
132.03, 131.48, 128.46, 115.17, 113.36, 105.10, 67.91, 62.48,
60.77, 56.40, 51.56, 33.53, 28.35.
HRMS (ESI) m/z:
Calcd. for [C20H24Br2O5 + Na]+ 524.9879 [M + Na]+;

found 524.9883
[C40H48Br4O10 + Na]+ 1026.9864 [2M + Na]+;
found 1026.9876.

Methyl 2-((3,6-dibromo-2,7-dimethoxynaphthalen-1-yl)
methyl)-3,3-dimethylbutanoate 11: An oven-dried argon-
flushed round bottom flask was charged with compound
10 (1.20 g, 2.38mmol, 1 equiv) dissolved in dry DCM (9mL)
and triethylsilane (1.24mL, 7.73mmol, 3.25 equiv). To this
mixture was added trifluoroacetic acid (1.69mL, 22.6mmol,
9.5 equiv). The mixture was then stirred at r. t. for 20 h. The
reaction mixture was then diluted with water and the or-
ganic phase was separated. The aqueous phase was then ex-
tracted with DCM (tow times). The combined organic phase
was dried over anhydrous Mg2SO4, filtered and concen-
trated under reduced pressure. The crude was further puri-
fied by column chromatography on silica gel (cyclohexane:
EtOAc = 6:1) yielding compound 11 as an off-white amor-
phous solid (1.03 g, 2.11mmol, 89%).
1H NMR (500MHz, CDCl3) δ: 7.87 (s, 1 H), 7.80 (s, 1 H), 7.37
(s, 1 H), 4.05 (s, 3 H), 3.90 (s, 3 H), 3.38 (dd, J = 13.6, 11.2 Hz,
1H), 3.29 (s, 3 H), 3.17 (dd, J = 13.7, 2.5 Hz, 1 H), 2.57 (dd,
J = 11.2, 2.5 Hz, 1 H), 1.15 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 175.97, 154.08, 153.38, 132.70,
131.65, 130.28, 129.49, 127.85, 115.09, 113.09, 104.29,
61.06, 56.46, 56.29, 51.18, 33.79, 27.65, 25.65.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 131.51, 130.14,
104.15, 60.92, 56.32, 56.15, 51.05, 27.51, 25.51.
HRMS (ESI) m/z:
Calcd. for [C20H24Br2O4 + Na]+ 508.9936 [M + Na]+;

found 508.9934
[C40H48Br4O8 + Na]+ 994.9970 [2M + Na]+;
found 994.9975.

2-((3,6-Dibromo-2,7-dimethoxynaphthalen-1-yl)meth-
yl)-3,3-dimethylbutanoic acid 12: A round bottom flask
was charged with methyl 2-((3,6-dibromo-2,7-dimethoxy-
naphthalen-1-yl)methyl)-3,3-dimethylbutanoate 11
(166mg, 331 µmol, 1 equiv) dissolved in ethylene glycol
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(10mL). To this mixture was added KOH (328mg, 85%,
4.97mmol, 15 equiv) in one portion. The mixture was
heated to 150°C for 15 h. The mixture was then cooled to
r. t., acidified with 1M HCl and extracted with DCM (two
times). The combined organic phase was washed with brine,
dried over anhydrous Na2SO4 and concentrated under re-
duced pressure. The crude was further purified by reverse
phase column chromatography on C18-functionalised silica
gel (acetonitrile :water 5 :1 + 0.1% formic acid) yielding 12
as an off-white amorphous solid (60.0mg, 127 µm, 38%).
1H NMR (400MHz, CDCl3) δ: 7.85 (s, 1 H), 7.81 (s, 1 H), 7.31
(s, 1 H), 3.89 (s, 3 H), 3.88 (s, 3 H), 3.34 (dd, J = 13.7, 11.1 Hz, 1
H), 3.13 (dd, J = 13.7, 2.7 Hz, 1 H), 2.60 (dd, J = 11.1, 2.6 Hz, 1
H), 1.11 (s, 9 H).
HRMS (ESI) m/z:
Calcd. for [C19H22Br2O4 – H]− 470.9812 [M – H]−;

found 470.9813.

5,8-Dibromo-2-(tert-butyl)-4,9-dimethoxy-2,3-dihydro-
1H-phenalen-1-one 14 and side product 13: An oven-dried
argon-flushed Schlenk tube was charged with triflic acid
(10mL). Compound 11 (200mg, 0.41mmol, 1 equiv) dis-
solved in dry DCM (1.5mL) was added dropwise to the TfOH.
The reactionmixture was then stirred at r. t. for 2.5 h. The re-
actionmixture was then poured into ice water and extracted
with DCM (three times). The combined organic phase was
washed with aq. sat. NaHCO3, dried over anhydrous Mg2SO4,
filtered and concentrated under reduced pressure. The
crude was further purified by column chromatography on
silica gel (EtOAc: toluene:cyclo 1 :1 :5) yielding 14 as a thick
yellow oil (171mg, 0.375mmol, 91%). The product was used
without further purification. For analytic purposes the
crude was further purified by HPLC with reverse phase col-
umn chromatography on C18-functionalised silica gel (gra-
dient from 75% acetonitrile:25% H2O with 0.1% formic acid
to 95% acetonitrile:5% H2O with 0.1% formic acid).
Compound 14
1H NMR (500MHz, CDCl3) δ: 8.10 (d, J = 0.5 Hz, 1 H), 7.87 (q,
J = 0.7 Hz, 1 H), 4.02 (s, 3 H), 3.91 (s, 3 H), 3.56 (ddd, J = 17.0,
6.2, 0.8 Hz, 1 H), 3.40 (ddd, J = 17.0, 8.0, 0.8 Hz, 1 H), 2.72 (dd,
J = 8.0, 6.2 Hz, 1 H), 1.01 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 198.90(C11), 154.21(C10),
152.27(C6), 135.42(C7), 132.73(C5), 129.41(C3), 128.78(C4),
127.09(C2), 125.07(C8), 119.55(C9), 117.85(C1), 63.27(C23),
60.89(C24), 57.63(C12)), 33.19(C19), 28.17(C20, C21, C22),
25.85(C13).
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 135.27(C7),
129.26(C3), 63.13(C23), 60.75(C24), 57.49(C12), 28.03(C20,
C21, C22), 25.85((C31) negative peak).
Compound 13
1H NMR (500MHz, CDCl3) δ: 8.53 (s, 1 H), 7.52 (s, 1 H), 4.02
(s, 3 H), 3.98 (s, 3 H), 3.40 (dd, J = 17.3, 6.5 Hz, 1 H), 3.17 (dd,
J = 17.3, 8.4 Hz, 1 H), 2.70 (dd, J = 8.4, 6.5 Hz, 1 H), 1.02 (s, 9
H).

13C NMR (126MHz, CDCl3) δ: 199.58(C11), 154.70(C9),
154.32(C1), 135.83(C7), 134.13(C10), 124.85(C8), 124.79
(C4), 120.04(C5), 118.77(C6), 118.26(C3), 117.11(C2), 63.34
(C22), 57.32(C12), 56.53(C23), 33.06(C18), 28.14(C19, C20,
C21), 24.83(C13).
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 135.68, 116.96,
63.20, 57.18, 56.38, 29.85 (negative peak), 27.99, 24.83 (neg-
ative peak).
Compound 14:
HRMS (ESI) m/z:
Calcd. for [C19H20Br2O3 + H]+ 454.9846 [M + H]+;

found 454.9852
[C19H20Br2O3 + Na]+ 476.995 [M + Na]+;
found 476.9671
[C38H40Br4O6 + Na]+ 930.9456 [M + Na]+;
found 930.9451.

5,8-Dibromo-2-(tert-butyl)-9-hydroxy-4-methoxy-2,3-
dihydro-1H-phenalen-1-one 15: A three-necked argon-
flushed oven-dried round bottom flask was charged 2-
((3,6-dibromo-2,7-dimethoxynaphthalen-1-yl)methyl)-3,3-
dimethylbutanoic acid 12 (100mg, 211 µmol, 1 equiv) and
oxalyl chloride (3mL, 31.7mmol, 150 equiv). The mixture
was then stirred at 65°C for 3 h and then cooled to r. t. The
remaining oxalyl chloride was then removed by distillation
under reduced pressure. Then dry DCM (1.5mL) was added
to the crude intermediate. The mixture was then again con-
centrated under reduced pressure and the crude intermedi-
ate was cooled to −78°C and dry DCM (3mL) was added fol-
lowed by AlCl3 (118mg, 889 µmol, 4.2 equiv). The mixture
was then stirred for 1.5 h and left to warm up to r. t. over
10 h. The reaction was then quenched with 2M HCl and ex-
tracted with DCM (two times). The combined organic phase
was washed with water and brine, dried over anhydrous
Na2SO4, filtered and concentrated under reduced pressure.
The crude was further purified by reverse phase column
chromatography on C18-functionalised silica gel (10 :1, ace-
tonitrile :water) yielding 15 as a yellow amorphous solid
(30.0mg, 67.9 µmol, 32%).
1H NMR (600MHz, CDCl3) δ: 8.05 (s, 1 H, H‑C7), 7.81 (s, 1 H,
H‑C3), 5.91 (s, 1 H, H–O‑C1), 4.02 (s, 3 H, H3-C20),
3.52–3.45 (m, 1 H, H‑C13), 3.37–3.30 (m, 1 H, H‑C13), 2.72
(dd, J = 7.9, 6.5 Hz, 1 H, H‑C12), 1.01 (s, 9 H, 3H-(C15, C16,
C17)).
13C NMR (151MHz, CDCl3) δ: 199.27(C11), 154.43(C9),
147.14(C1), 135.44(C7), 133.21(C5), 127.82(C3), 126.63(C8),
124.59(C2), 117.67 (C6), 117.63(C4), 112.90(C10), 63.21
(C20), 57.30(C12), 33.19(C14), 28.17(C15, C16, C17), 25.66
(C13).
13C NMR (151MHz, CDCl3) δ: 135.31(C7), 127.70(C3), 63.09
(C20), 57.17(C12), 28.05(C15, C16, C17), 25.53(C13).
HRMS (ESI) m/z:
Calcd. for [C18H18Br2O3 – H]− 440.9530 [M – H]−;

found 440.9524.
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2,6-Dimethyl-4-thiocyanatoaniline 17: A 100mL round
bottom flask was charged with wet SiO2 (50% w =w,
w = 8.2 g) and DCM (35.0mL). To this was added trichloro-
isocyanuric acid (1.92 g, 8.24mmol,1 equiv) and ammonium
thiocyanate (627mg, 8.24mmol. 1 equiv) followed by 2,6-
dimethylaniline 16 (1.00 g, 8.17mmol, 1 equiv). The mixture
was then stirred under air at r. t. for 45min, filtered, concen-
trated to a volume of 2mL and further purified by column
chromatography on silica gel (DCM), yielding 17 as a clear
amorphous solid (709mg, 3.98mmol, 48%).
The obtained analytical data matched previously reported
literature.65
1H NMR (500MHz, CDCl3) δ: 7.17 (p, J = 0.7 Hz, 2 H), 3.83 (s, 2
H), 2.17 (t, J = 0.7 Hz, 6 H).
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 132.86, 17.45.
13C NMR (126MHz, CDCl3) δ: 145.35, 132.99, 123.29, 112.79,
108.84, 17.59.

2,6-Dimethyl-4-(methylthio)aniline 18: An argon-flushed
round bottom flask was charged with 2,6-dimethyl-4-thio-
cyanatoaniline 17 (1.90 g, 10.1mmol, 1 equiv) and EtOH
(38mL). The solution was degassed for 15min. Then a solu-
tion of Na2S nonahydrate (7.28 g, 30.3mmol, 3 equiv) in
water (6.6mL) was added. The mixture was stirred at 50 °C
for 2 h. The mixture was cooled over 10min. Then a solution
of degassed EtOH (6mL) and MeI (0.943mL, 15.2mmol, 1.5
equiv) was added. The mixture was stirred for 3 h at r. t.,
quenched with aq. NH4OH and extracted with EtOAc (two
times). The combined organic phase was washed with water
and brine, dried over Na2SO4, filtered and concentrated
under reduced pressure yielding 18 as a red oil (1.40 g,
8.37mmol, 83%).
The obtained analytical data matched previously reported
literature.88,89
1H NMR (500MHz, CDCl3) δ: 7.00 (s, 2 H), 3.57 (s, 2 H), 2.41
(s, 3 H), 2.16 (s, 6 H).
13C NMR (126MHz, CDCl3) δ: 141.77, 130.16, 124.96, 122.62,
19.13, 17.69.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 130.03, 19.00,
17.56.

2-(2,6-Dimethyl-4-(methylthio)phenyl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane 19: A round bottom flask
equipped with a reflux condenser was charged with B2Pin2
(668mg, 2.63mmol, 1.1 equiv) and the 2,6-dimethyl-4-
(methylthio)aniline 18 (400mg, 2.39mmol, 1 equiv). The
solids were purged with argon. Then dry acetonitrile
(7.2mL) was added and the solution was purged with argon
for 15min. Thereafter, tert-butyl nitrite (0.48mL, 90%,
3.59mmol, 1.5 equiv) was added at once. The mixture was
stirred for 9 h at reflux, cooled to r. t. and concentrated
under reduced pressure. The crude was further purified by
column chromatography on silica gel (cyclohexane:DCM
1:1) yielding 19 as a yellow solid (107mg, 358 µmol, 16%).

1H NMR (500MHz, CDCl3) δ: 6.84 (p, J = 0.6 Hz, 2 H), 2.44 (s, 3
H), 2.38 (t, J = 0.6 Hz, 6 H), 1.37 (s, 12 H).
13C NMR (126MHz, CDCl3) δ: 142.95, 139.59 (extracted from
HMBC and HMQC), 124.51, 83.75, 25.09, 22.46, 15.49.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 24.95, 22.32,
15.35.

(3,5-Difluorophenyl)(methyl)sulfane 21: A round bottom
flask was charged with 3,5-difluorobenzenethiol 20 (5.00 g,
34.2mmol, 1 equiv) and K2CO3 (28.4 g, 205mmol, 6 equiv)
and acetonitrile (50mL). To this was added MeI (3.19mL,
51.3mmol, 1.5 equiv). The reaction mixture was stirred for
16 h at r. t. Then aq. NH4OH was added to quench the reac-
tion. The mixture was then extracted with TBME (two
times). The combined organic phase was then washed with
1M NaOH, water and brine, dried over anhydrous Na2SO4,
filtered and concentrated under reduced pressure. The
crude was plugged over silica gel (CHCl3) yielding 21 as a
clear colourless oil (5.48 g, 34.2mmol, quant.).
The obtained analytical data matched previously reported
literature.90
1H NMR (400MHz, CDCl3) δ: 6.79–6.66 (m, 1 H), 6.61–6.51
(m, 1 H), 2.48 (s, 2 H).
1H{19F} NMR (400MHz, CDCl3) δ: 6.73 (d, J = 2.2 Hz, 1 H),
6.56 (t, J = 2.3 Hz, 1 H), 2.48 (s, 2 H).
19F NMR (376MHz, CDCl3) δ: −108.89 to −110.69 (m).
19F{1H} NMR (376MHz, CDCl3) δ: −109.69.
13C NMR (101MHz, CDCl3) δ: 163.29 (dd, J = 249.5, 13.4 Hz),
142.92 (d, J = 10.0 Hz), 109.30–108.02 (m), 100.44 (t,
J = 25.6 Hz), 15.39.

2-(2,6-Difluoro-4-(methylthio)phenyl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane 22: An oven-dried argon-
flushed round bottom flask was charged with (3,5-difluoro-
phenyl)(methyl)sulfane 21 (2.00 g, 12.0. mmol, 1 equiv). To
this was added dry THF (63mL). The solution was bubbled
with argon for 15min and cooled to −78°C. Then n-BuLi
(5.00mL, 2.5M in hexane, 12.5mmol, 1 equiv) was added
dropwise. The mixture was then stirred at −78°C for 2 h.
Then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (3.06mL, 15mmol 1.2 equiv) was added dropwise and
then the mixture was left to warm up to r. t. over 16 h. Upon
completion of the reaction, the reaction mixture was
quenched with aq. sat. NaHCO3 and extracted with EtOAc
(two times). The combined organic phase was washed with
water and brine, dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure yielding 22 as a clear
oil (3.43 g, 12.0mmol, 96%).
The obtained analytical data matched previously reported
literature.69
1H NMR (500MHz, CDCl3) δ: 6.72–6.66 (m, 1 H), 2.47 (s, 2
H), 1.37 (s, 7 H).
1H{19F} NMR (500MHz, CDCl3) δ: 6.69 (s, 1 H), 2.47 (s, 2 H),
1.37 (s, 8 H).
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19F NMR (471MHz, CDCl3) δ: −99.73 to −100.79 (m).
19F{1H} NMR (471MHz, CDCl3) δ: −100.15.
13C NMR (126MHz, CDCl3) δ: 168.08 (d, J = 14.2 Hz), 166.07
(d, J = 14.1 Hz), 146.54–146.28 (m), 108.25–107.89 (m),
84.16, 24.89, 14.97.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 107.94 (d,
J = 29.3 Hz), 24.74, 14.83.

(2,6-Difluoro-4-(methylthio)phenyl)boronic acid 23: A
round bottom flask was charged with the pinacol ester 22
(309mg, 1.08mmol, 1.0 equiv) and methylboronic acid
(333mg, 5.4mmol, 5.0 equiv). The solids were dissolved in
a mixture of acetone and 0.2M HCl (10mL, 1 :1, v/v). The re-
action mixture was stirred for 8 h at r. t. The mixture was
concentrated under reduced pressure yielding 23 as an off-
white solid (220mg, 1.08mmol, quant.). The crude product
was considered pure enough and directly used in the next
step without any further purification. For every Suzuki
cross-coupling reaction in which 23 was used, a new batch
was synthesized.
1H NMR (400MHz, MeOD) δ: 6.87–6.78 (m, 2 H), 2.50 (s, 3
H).

2-(Tert-butyl)-5,8-bis(2,6-difluoro-4-(methylthio)phen-
yl)-4,9-dimethoxy-2,3-dihydro-1H-phenalen-1-one 24:
An oven-dried argon flushed Schlenk tube was charged with
boronic acid 23 (47.0mg, 95%, 219 µmol, 5 equiv), com-
pound 14 (20.0mg, 43.8 µmol, 1 equiv) and KF (30.5mg,
526 µmol, 12 equiv). The solids were purged with argon
(three times). The solids were dissolved in a degassed THF/
water mixture (10 :1 2.2mL) and purged with argon for
10min. Then tri-tert-butyl phosphine (5.69 µL, 95%,
21.9 µmol, 0.5 equiv) was added and the mixture was fur-
ther degassed for 2min. Then Pd2(dba)3 (10.0mg,
11.0 µmol, 0.25 equiv) was added and the mixture was
heated to 70°C and stirred for 3 h. The reaction mixture
was cooled to r. t., poured into an aq. sat. Na2CO3 and ex-
tracted with DCM (two times). The combined organic phase
was dried over anhydrous Mg2SO4, filtered and concen-
trated under reduced pressure. The crude product was then
further purified by column chromatography on silica gel
(DCM) yielding compound 24 as a yellow amorphous solid
(25.0mg, 40.7 µmol, 93%).
1H NMR (500MHz, CDCl3) δ: 7.87 (s, 1 H), 7.66 (s, 1 H),
6.93–6.84 (m, 4 H), 3.72 (s, 3 H), 3.68 (dd, J = 16.6, 6.0 Hz, 1
H), 3.57 (s, 3 H), 3.35 (ddd, J = 16.6, 9.8, 0.8 Hz, 1 H), 2.86 (dd,
J = 9.8, 6.0 Hz, 1 H), 2.54 (s, 3 H), 2.53 (s, 3 H), 1.12 (s, 9 H).
1H{19F} NMR (500MHz, CDCl3) δ: 7.87 (s, 1 H), 7.66 (s, 1 H),
6.91–6.86 (m, 4 H), 3.72 (s, 3 H), 3.68 (dd, J = 16.7, 6.0 Hz, 1
H), 3.57 (s, 3 H), 3.41–3.30 (m, 1 H), 2.86 (dd, J = 9.8, 6.0 Hz, 1
H), 2.54 (s, 3 H), 2.53 (s, 3 H), 1.12 (s, 9 H).
19F NMR (471MHz, CDCl3) δ: −111.28 (td, J = 7.3, 3.5 Hz),
−111.54 to −111.69 (m).

13C NMR (126MHz, CDCl3) δ: 199.82, 161.74–161.27 (m),
159.70–159.39 (m), 154.36, 141.96 (td, J = 10.4, 5.4 Hz),
136.05, 134.89, 129.97, 126.26, 124.96, 123.82, 123.27,
122.39, 111.14 (t, J = 21.3 Hz), 110.77 (t, J = 21.2 Hz),
108.76–108.30 (m), 62.90, 60.92, 57.24, 32.82, 28.05, 25.61.
HRMS (ESI) m/z:
Calcd. for [C33H30F4O3S2 + Na]+ 637.1470 [M + Na]+;

found 637.1465
[C33H30F4O3S2 + K]+ 653.1201 [M + K]+;
found 653.1204
[C66H60F8O3S4 + Na]+ 1251.3026 [2M + Na]+;
found 1251.3037.

2-(Tert-butyl)-5,8-bis(2,6-dimethyl-4-(methylthio)phen-
yl)-4,9-dimethoxy-2,3-dihydro-1H-phenalen-1-one 25:
An oven-dried argon flushed Schlenk tube was charged with
pinacolborane 19 (53.5mg, 95%, 184 µmol, 2 equiv), com-
pound 14 (42.0mg, 92.1 µmol, 1 equiv) and KF (64.9mg,
1.11mmol, 12 equiv). The solids were purged with argon
(three times). The solids were dissolved in a degassed THF/
water mixture (10 :1 8.8mL) and purged with argon for
10min. Then tri-tert-butyl phosphine (0.012mL, 95%,
46.1 µmol, 0.5 equiv) was added and the mixture was fur-
ther degassed for 2min. Then Pd2(dba)3 (21.1mg,
23.0 µmol, 0.25 equiv) was added and the mixture was
heated to 70°C and stirred for 3 h. The reaction mixture
was cooled to r. t., poured into an aq. sat. Na2CO3 and ex-
tracted with DCM (two times). The combined organic phase
was dried over anhydrous Mg2SO4, filtered and concen-
trated under reduced pressure. The crude was then further
purified by column chromatography on silica gel (DCM)
yielding compound 25 as a yellow amorphous solid
(25.0mg, 41.7 µmol, 45%).
1H NMR (500MHz, CDCl3) δ: 7.58 (s, 1 H), 7.35 (s, 1 H),
7.08–7.01 (m, 4H), 3.58 (m, 4 H), 3.45 (m, 4 H), 2.84 (dd,
J = 7.8, 6.2 Hz, 1 H), 2.53 (s, 3 H), 2.52 (s, 3 H), 2.13 (s, 3 H),
2.10 (s, 3 H), 2.07 (s, 3 H), 2.06 (s, 3 H), 1.06 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 200.53, 155.93, 153.67, 137.54,
137.46, 137.21, 137.17, 137.13, 134.75, 134.55, 134.33,
134.29, 133.56, 133.08, 128.10, 126.99, 125.28, 125.26,
125.21, 125.20, 124.60, 123.55, 62.00, 60.04, 57.59, 33.05,
28.18, 25.54, 21.01, 20.98, 20.80, 15.68.
HRMS (ESI) m/z:
Calcd. for [C37H42O3S2 + H]+ 599.2646 [M + H]+;

found 599.2648
[C37H42O3S2 + Na]+ 621.2459 [M + Na]+;
found 621.2468.

2-(Tert-butyl)-4,9-dimethoxy-5,8-diphenyl-2,3-dihydro-
1H-phenalen-1-one 26: An oven-dried argon flushed
Schlenk tube was charged with phenylboronic acid
(112mg, 875 µmol, 5 equiv), compound 14 (80mg,
175 µmol, 1 equiv) and KF (123mg, 2.1mmol, 12 equiv).
The solids were three times purged with argon. The solids
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were dissolved in a degassed THF/water mixture (10 :1
8.8mL) and purged with argon for 10min. Then tri-tert-bu-
tylphosphine (0.02mL, 95%, 87.5 µmol, 0.5 equiv) was
added and the mixture was further degassed for 2min. Then
Pd2(dba)3 (40mg, 43.8 µmol, 0.25 equiv) was added and the
mixture was heated to 70 °C and stirred for 3 h. The reaction
mixture was cooled to r. t., poured into an aq. sat. Na2CO3
and extracted with DCM (two times). The combined organic
phase was dried over anhydrous Mg2SO4, filtered and con-
centrated under reduced pressure. The crude was then fur-
ther purified by column chromatography on silica gel
(DCM) yielding compound 26 as a yellow amorphous solid
(73mg, 175 µmol, 93%).
1H NMR (500MHz, CDCl3) δ: 7.93 (s, 1 H), 7.70–7.63 (m, 3
H), 7.50–7.44 (m, 2 H), 7.42–7.38 (m, 1 H), 3.64 (ddd,
J = 16.8, 6.1, 0.6 Hz, 1 H), 3.57 (s, 3 H), 3.46 (s, 3 H), 3.42
(ddd, J = 16.9, 8.6, 0.8 Hz, 1 H), 2.83 (dd, J = 8.5, 6.1 Hz, 1 H),
1.11 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 200.49, 155.64, 153.46, 138.22,
137.75, 135.73, 134.62, 134.51, 133.17, 129.46, 129.15,
128.42, 128.30, 128.18, 127.54, 127.50, 127.10, 124.85,
123.75, 62.10, 60.32, 57.71, 32.99, 28.16, 25.49.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 134.51, 129.46,
129.15, 128.42, 128.30, 128.18, 127.54, 127.50, 62.10,
60.32, 57.71, 28.16, 25.49.
HRMS (ESI) m/z:
Calcd. for [C31H30O3 + H]+ 451.2273 [M + H]+;

found 451.2268
[C31H30O3 + Na]+ 473.2094 [M + Na]+;
found 473.2087
[C62H60O6 + Na]+ 923.4293 [2M + Na]+;
found 923.4282.

2-(Tert-butyl)-5,8-bis(4-(tert-butyl)phenyl)-4,9-dimeth-
oxy-2,3-dihydro-1H-phenalen-1-one 27: An oven-dried
argon-flushed Schlenk tube was charged with 4-tert-butyl-
phenylboronic acid (51.2mg, 0.273mmol, 5 equiv), com-
pound 14 (25mg, 54.8 µmol, 1 equiv) and KF (38.5mg,
0.656mmol, 12 equiv). The solids were purged with argon
(three times). The solids were dissolved in a degassed THF/
water mixture (10 :1 6.6mL) and purged with argon for
10min. Then tri-tert-butylphosphine (0.007mL, 95%,
27.4 µmol, 0.5 equiv) was added and the mixture was fur-
ther degassed for 2min. Then Pd2(dba)3 (12.5mg,
13.7 µmol, 0.25 equiv) was added and the mixture was
heated to 70°C and stirred for 3 h. The reaction mixture
was cooled to r. t., poured into an aq. sat. Na2CO3 and ex-
tracted with DCM (two times). The combined organic phase
was dried over anhydrous Na2SO4, filtered and concentrated
under reduced pressure. The crude was then further puri-
fied by column chromatography on silica gel (DCM) yielding
compound 27 as a yellow amorphous solid (25mg,
0.044mmol, 81%).

1H NMR (500MHz, CDCl3) δ: 7.92 (s, 1 H), 7.69 (s, 1 H),
7.63–7.59 (m, 4 H), 7.51–7.46 (m, 4 H), 3.69–3.63 (m, 1 H),
3.59 (s, 3 H), 3.48 (s, 3 H), 3.44–3.37 (m, 1 H), 2.83 (dd,
J = 8.8, 6.1 Hz, 1 H), 1.40 (s, 9 H), 1.39 (s, 9 H), 1.13(s, 9 H).
13C NMR (126MHz, CDCl3) δ: 200.73, 155.88, 153.68, 150.62
(d, J = 3.4 Hz), 135.60, 135.36, 134.91, 134.56, 134.54,
133.04, 129.19, 128.88, 128.19, 127.30, 125.45, 125.35,
124.83, 123.82, 62.24, 60.47, 57.83, 34.75, 33.08, 31.55,
31.54, 28.29, 25.67.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 134.43, 129.06,
128.75, 128.07, 125.33, 125.22, 62.11, 60.35, 57.70, 31.42,
28.17, 25.55.
HRMS (ESI) m/z:
Calcd. for [C39H46O3 + H]+ 563.3521 [M + H]+;

found 563.3520
[C39H46O3 + Na]+ 585.3341 [M + Na]+;
found 585.3339.

2-(Tert-butyl)-5,8-bis(4-fluorophenyl)-4,9-dimethoxy-
2,3-dihydro-1H-phenalen-1-one 28: An oven-dried argon-
flushed Schlenk tube was charged with 4-fluorophenylbo-
ronic acid (30.6mg, 219 µmol, 5 equiv), compound 14
(20mg, 43.8 µmol, 1 equiv) and KF (30.8mg, 524 µmol, 12
equiv). The solids were purged with argon (three times).
The solids were dissolved in a degassed THF/water mixture
(10 :1 1.1mL) and purged with argon for 10min. Then tri-
tert-butylphosphine (0.006mL, 95%, 21.9 µmol, 0.5 equiv)
was added and the mixture was further degassed for 2min.
Then Pd2(dba)3 (10.0mg, 10.9 µmol, 0.25 equiv) was added
and the mixture was heated to 70 °C and stirred for 3 h. The
reaction mixture was cooled to r. t., poured into an aq. sat.
Na2CO3 and extracted with DCM (two times). The combined
organic phase was dried over anhydrous Mg2SO4, filtered
and concentrated under reduced pressure. The crude was
then further purified by column chromatography on silica
gel (DCM:cyclohexane 15 :1) yielding compound 28 as a
yellow amorphous solid (19mg, 39.0 µmol, 89%).
1H NMR (600MHz, CDCl3) δ: 7.89 (s, 1 H), 7.66 (s, 1 H),
7.66–7.58 (m, 4 H), 7.20–7.12 (m, 4 H), 3.61 (d, J = 6.1 Hz, 1
H), 3.57 (s, 3 H), 3.45 (s, 3 H), 3.41 (dd, J = 16.8, 8.5 Hz, 1 H),
2.81 (dd, J = 8.2, 6.4 Hz, 1 H), 1.10 (s, 9 H).
1H{19F} NMR (600MHz, CDCl3) δ: 7.89 (s, 1 H), 7.66 (s, 1 H),
7.66–7.61 (m, 4 H), 7.20–7.12 (m, 4 H), 3.63 (dd, J = 16.8,
6.1 Hz, 1 H), 3.57 (s, 3 H), 3.45 (s, 3 H), 3.41 (dd, J = 16.8,
8.5 Hz, 1 H), 2.81 (dd, J = 8.2, 6.3 Hz, 1 H), 1.10 (s, 9 H).
19F NMR (565MHz, CDCl3) δ: −114.68, −114.73.
13C NMR (151MHz, CDCl3) δ: 200.53, 163.41, 161.76, 155.62,
153.47, 134.91, 134.40, 134.14 (d, J = 3.3 Hz), 133.81, 133.66
(d, J = 3.3 Hz), 133.34, 131.24 (d, J = 8.0 Hz), 130.91 (d,
J = 8.0 Hz), 128.08, 127.19, 125.20, 123.92, 115.54 (d,
J = 17.1 Hz), 115.40 (d, J = 17.1 Hz), 62.21, 60.39, 57.79,
33.13, 28.26, 25.56.
13C{1H} dept-135 NMR (151MHz, CDCl3) δ: 134.28, 131.12
(d, J = 8.0 Hz), 130.79 (d, J = 8.0 Hz), 127.97, 115.42 (d,
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J = 17.3 Hz), 115.28 (d, J = 17.3 Hz), 62.09, 60.28, 57.68, 28.15,
25.45.
HRMS (ESI) m/z:
Calcd. for [C31H28F2O3 + H]+ 487.2080 [M + H]+;

found 487.2079
[C31H28F2O3 + Na]+ 509.1905 [M + Na]+;
found 509.1899
[C31H28F2O3 + K]+ 525.1634 [M + K]+;
found 525.1638
[C62H56F4O6 + Na]+ 995.3928 [2M + Na]+;
found 995.3905
[C62H56F4O6 + K]+ 1011.3649 [2M + Na]+;
found 1011.3645.

2-(Tert-butyl)-5,8-bis(2,6-difluoro-4-(methylthio)phen-
yl)-4,9-dimethoxy-2,3-dihydro-1H-phenalen-1-ol 29: An
oven-dried argon-flushed two-necked round bottom flask
was charged with compound 24 (62mg, 101 µmol, 1.00
equiv) dissolved in dry THF (3mL) and cooled to 0°C. DI-
BAL‑H (0.44mL, 1M THF, 444 µmol, 4.4 equiv) was added
dropwise to this mixture. The reaction was stirred for 2 h at
0 °C, then poured into a mixture of aq. sat. NH4Cl and aq. 1M
NaOH (1 :1) and extracted with DCM (three times). The
combined organic phase was then washed with water and
brine, dried over Na2SO4, filtered and concentrated under
reduced pressure. The crude was further purified by GPC
(chloroform) yielding 29 as an off-white clear glass like solid
(59mg, 95.7 µmol, 95%).
1H NMR (500MHz, CDCl3) δ: 7.72 (s, 1 H), 7.62 (s, 1 H), 6.89
(dd, J = 8.3, 2.1 Hz, 4 H), 5.73 (d, J = 4.1 Hz, 1 H), 3.63 (s, 3 H),
3.60 (s, 3 H), 3.38 (ddd, J = 16.2, 3.7, 1.3 Hz, 1 H), 3.09 (ddd,
J = 16.2, 13.3, 1.2 Hz, 1 H), 2.54 (s, 6 H), 1.69 (ddd, J = 13.2,
3.6, 1.9 Hz, 1 H), 1.66–1.60 (m, 1 H), 1.22 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 161.69 (d, J = 7.6 Hz),
159.78–159.58 (m), 153.72, 153.62, 141.94 (t, J = 10.4 Hz),
141.64 (t, J = 10.3 Hz), 132.24, 131.13, 129.47,
129.41,127.40, 127.39, 122.29, 122.10, 111.74 (dt, J = 30.0,
21.3 Hz), 108.95–108.65 (m), 108.60 (t, J = 2.4 Hz), 63.77,
62.95, 61.07, 47.88, 33.03, 28.99, 19.28, 15.42, 15.39
19F NMR (471MHz, CDCl3) δ: −111.18 (m,), −111.26 to
−111.34 (m), −111.61 (m), −111.81 (m).
19F NMR (471MHz, CDCl3) cpd δ: −111.17 (d, J = 6.5 Hz),
−111.30 (d, J = 6.7 Hz), −111.61 (d, J = 6.5 Hz), −111.81 (d,
J = 6.7 Hz).
HRMS (ESI) m/z:
Calcd. for [C33H30F4O2S2-H2O + H]+ 599.1696 [M‑H2O + H]+;

found 599.1696
[C33H32F4O3S2]+ 616.1711 [M]+;
found 616.1621
Radical cation
[C33H32F4O3S2 + Na]+ 639.1627 [M + Na]+;
found 639.1621
[C33H32F4O3S2 + K]+ 655.1351 [M + K]+;
found 655.1361

[C66H64F8O6S4 + NH4]+ 1250.3800 [2M + NH4]+;
found 1250.3796
[C66H64F8O6S4 + Na]+ 1255.3366 [2M + Na]+;
found 1255.3350
[C66H64F8O6S4 + K]+ 1271.3103 [2M + K]+;
found 1271.3090.

2-(Tert-butyl)-5,8-bis(2,6-dimethyl-4-(methylthio)phen-
yl)-4,9-dimethoxy-2,3-dihydro-1H-phenalen-1-ol 30: An
oven-dried argon-flushed two-necked round bottom flask
was charged with compound 25 (25.0mg, 41.7 µmol, 1
equiv) dissolved in dry THF (0.8mL) and cooled to 0°C. DI-
BAL‑H (0.18mL, 1M cyclohexane, 183 µmol, 4.4 equiv) was
added dropwise to this mixture. The reaction was stirred
for 2 h at 0 °C, then poured into a mixture of aq. sat. NH4Cl
and aq. 1M NaOH (1 :1) and extracted with DCM (three
times). The combined organic phase was then washed with
water and brine, dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure. The crude was fur-
ther purified by column chromatography on silica gel (cyclo-
hexane:EtOAc 5 :1) followed by GPC (chloroform) yielding
30 as a yellowish amorphous solid (23mg, 38.3 µmol, 92%).
1H NMR (500MHz, CDCl3) δ: 7.41 (s, 1 H), 7.30 (s, 1 H),
7.07–7.03 (m, 4 H), 5.71 (s, 1 H), 3.49 (s, 3 H), 3.47 (s, 3 H),
3.38 (ddd, J = 16.3, 3.7, 1.3 Hz, 1 H), 3.05 (ddd, J = 16.4, 13.5,
1.2 Hz, 1 H), 2.53 (s, 6 H), 2.13 (s, 3 H), 2.10 (s, 3 H), 2.09 (s, 6
H), 1.72 (ddd, J = 13.3, 3.6, 2.1 Hz, 1 H), 1.24 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 153.04, 152.90, 137.87, 137.64,
137.54, 137.34, 137.14, 136.85, 135.56, 135.26, 132.92,
132.44, 130.47, 129.52, 129.03, 128.02, 127.57, 127.06,
125.48, 125.45, 125.43, 125.36, 64.11, 61.62, 60.30, 47.94,
33.10, 29.01, 21.24, 21.15, 21.02, 19.22, 15.91, 15.86.
HRMS (ESI) m/z:
Calcd. for [C37H42O2S2-H2O + H]+ 583.2695 [M‑H2O + H]+;

found 583.2699
[C37H44O3S2]+ 600.2714 [M]+;
found 600.2726
[C37H44O3S2 + Na]+ 623.2618 [M + Na]+;
found 623.2624
[C37H44O3S2 + K]+ 639.2362 [M + K]+;
found 639.2363
[C74H88O6S4 + Na]+ 1223.5359 [2M + Na]+;
found 1223.5356.

2-(Tert-butyl)-4,9-dimethoxy-5,8-diphenyl-2,3-dihydro-
1H-phenalen-1-ol 31: An oven-dried argon-flushed two-
necked round bottom flask was charged with compound 26
(68.0mg, 151 µmol, 1 equiv) dissolved in dry THF (5mL) and
then cooled to 0°C. DIBAL‑H (1.21mL, 1M in cyclohexane,
1.21mmol, 8 equiv) was added dropwise to this mixture.
The reaction was stirred for 2 h at 0 °C, poured into aq. sat.
NH4Cl and extracted with DCM (three times). The combined
organic phase was washed with brine and concentrated
under reduced pressure. The crude mixture was further pu-
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rified by GPC (chloroform) yielding 31 as awhite amorphous
solid (66.0mg, 151 µmol, 97%).
1H NMR (500MHz, CDCl3) δ: 7.77 (s, 1 H), 7.69–7.64 (m, 5
H), 7.50–7.43 (m, 4 H), 7.42–7.36 (m, 2 H), 5.77–5.72 (m, 1
H), 3.50 (s, 3 H), 3.48 (s, 3 H), 3.42 (ddd, J = 16.3, 3.6, 1.5 Hz, 1
H), 3.06 (ddd, J = 16.3, 13.3, 1.3 Hz, 1 H), 1.66 (ddd, J = 13.3,
3.6, 2.1 Hz, 1 H), 1.62 (d, J = 4.8 Hz, 1 H), 1.24 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 152.89, 152.75, 138.93, 138.76,
134.54, 134.19, 130.46, 129.41, 129.34, 129.33, 129.25,
128.57, 128.41, 128.12, 127.74, 127.48, 127.35, 127.33,
63.97, 62.09, 60.56, 48.34, 33.07, 29.00, 19.10.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 130.32, 129.27,
129.11, 128.43, 128.28, 127.60, 127.35, 127.22, 63.83,
61.95, 60.42, 48.20, 28.86, 18.96.
HRMS (ESI) m/z:
Calcd. for [C31H32O3 + Na]+ 475.2239 [M + H]+;

found 475.2244
[C62H64O6 + Na]+ 927.4599 [2M + Na]+;
found 927.4595.

2-(Tert-butyl)-5,8-bis(4-(tert-butyl)phenyl)-4,9-dimeth-
oxy-2,3-dihydro-1H-phenalen-1-ol 32: An oven-dried ar-
gon-flushed two-necked round bottom flask was charged
with compound 27 (25.0mg, 44.4 µmol, 1 equiv) dissolved
in dry THF (2mL) and then cooled to 0°C. DIBAL‑H
(0.36mL, 1M in cyclohexane, 355 µmol, 8 equiv) was added
dropwise to this mixture. The reaction was stirred for 2 h at
0 °C, poured into aq. 1M NaOH and extracted with DCM
(three times). The combined organic phase was washedwith
brine and concentrated under reduced pressure. The crude
mixture was further purified by GPC (chloroform) yielding
32 as a pale yellow amorphous solid (22.0mg, 39.0 µmol,
88%).
1H NMR (500MHz, CDCl3) δ: 7.77 (s, 1 H), 7.67 (s, 1 H),
7.65–7.59 (m, 4 H), 7.50–7.47 (m, 4 H), 5.76 (s, 1 H), 3.52
(s, 3 H), 3.51 (s, 3 H), 3.42 (ddd, J = 16.1, 3.6, 1.3 Hz, 1 H),
3.07 (dd, J = 15.8, 13.6 Hz, 1 H), 1.70–1.64 (m, 1 H), 1.40 (s,
9 H), 1.40 (s, 9 H), 1.26 (s, 9 H).
13C NMR (126MHz, CDCl3) δ: 152.95, 152.83, 150.44, 150.26,
135.93, 135.76, 134.30, 133.97, 130.34, 129.22, 129.05,
128.98, 128.82, 128.18, 127.63, 127.17, 125.45, 125.31,
63.98, 62.08, 60.57, 48.35, 34.74, 33.07, 31.57, 29.01, 19.11.
13C{1H} dept-135 NMR (126MHz, CDCl3) δ: 130.23, 128.87,
128.70, 127.51, 125.33, 125.20, 63.86, 61.97, 60.45, 48.23,
31.45, 28.89, 19.00.
HRMS (ESI) m/z:
Calcd. for [C39H48O3]+ 564.3588 [M]+;

found 564.3598
[C39H46O2 + H‑H2O]+ 547.3560 [M‑H2O + H]+;
found 547.3571.

The observed mass 547.3571 belongs to the elimination
product that occurs due to the acidic conditions during the
ESI MS measurement.

2-(Tert-butyl)-5,8-bis(4-fluorophenyl)-4,9-dimethoxy-
2,3-dihydro-1H-phenalen-1-ol 33: An oven-dried argon-
flushed two-necked round bottom flask was charged with
compound 28 (19mg, 39.0 µmol, 1 equiv) dissolved in dry
THF (0.8mL) and then cooled to 0°C. DIBAL‑H (0.3mL, 1M
THF, 312 µmol, 8 equiv) was added dropwise to this mixture.
The reaction was stirred for 2 h at 0 °C, then poured into aq.
sat. NH4Cl and extracted with DCM (three times). The com-
bined organic phase was then washed with brine and con-
centrated under reduced pressure. The crude mixture was
further purified by GPC (chloroform) yielding 33 as an off-
white glass like amorphous solid (19mg, 39.0 µmol, quant.).
1H NMR (600MHz, CDCl3) δ: 7.73 (s, 1 H), 7.67–7.60 (m, 5
H), 7.15 (m, 4 H), 5.73 (s, 1 H), 3.50 (s, 3 H), 3.47 (s, 3 H),
3.40 (ddd, J = 16.1, 3.6, 1.1 Hz, 1 H), 3.05 (dd, J = 16.5,
13.0 Hz, 1 H), 1.64 (ddd, J = 13.3, 3.6, 2.1 Hz, 2 H), 1.24 (s, 9
H).
1H{19F} NMR (600MHz, CDCl3) δ: 7.73 (s, 1 H), 7.66–7.61
(m, 5 H), 7.18–7.13 (m, 4 H), 5.73 (s, 1 H), 3.50 (s, 3 H), 3.47
(s, 3 H), 3.40 (ddd, J = 16.1, 3.6, 1.3 Hz, 1 H), 3.05 (dd, J = 16.1,
13.3 Hz, 1 H), 1.64 (ddd, J = 13.4, 3.6, 2.0 Hz, 2 H), 1.24 (s, 9
H).
19F NMR (565MHz, CDCl3) δ: −115.00, −115.29.
13C NMR (151MHz, CDCl3) δ: 163.29 (d, J = 8.8 Hz), 161.66 (d,
J = 8.4 Hz), 152.74, 152.62, 134.71 (d, J = 3.3 Hz), 134.56 (d,
J = 3.3 Hz), 133.58, 133.24, 130.98 (d, J = 7.9 Hz), 130.83 (d,
J = 7.8 Hz), 130.21, 129.51, 129.39, 128.08, 127.54, 127.51,
115.52 (d, J = 21.3 Hz), 115.35 (d, J = 21.2 Hz), 63.89, 62.06,
60.50, 48.29, 33.05, 28.98, 19.06.
13C{1H} dept-135 NMR (151MHz, CDCl3) δ: 130.86 (d,
J = 8.0 Hz), 130.71 (d, J = 8.0 Hz), 130.09, 127.39, 115.40 (d,
J = 21.4 Hz), 115.23 (d, J = 21.2 Hz), 63.77, 61.94, 60.38,
48.17, 28.86, 18.94.
HRMS (ESI) m/z:
Calcd. for [C31H30F2O3 + Na]+ 511.2056 [M + Na]+;

found 511.2055
[C62H60F4O6 + Na]+ 999.4243 [2M + Na]+;
found 999.4218.
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