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induced selectivity of a head-to-
head photo-dimerisation of dialkynylanthracene –
access to tetradentate Lewis acids†

Philipp Niermeier, Kristina A. M. Maibom, Jan-Hendrik Lamm, Beate Neumann,
Hans-Georg Stammler and Norbert W. Mitzel *

Using 2-hydroxypropyl-protecting groups, 1,8-dialkynylanthracene photo-dimers were prepared in head-

to-head-configuration by UV irradiation on a multi-gram scale. In non-polar solvents, the combination of

non-covalent hydrogen bonds and p–p-interactions induces the formation of the syn-isomer in up to 85%

yield. Instead, more polar solvents or irradiation of unprotected 1,8-diethynylanthracene led to formation of

the corresponding anti-isomer in large excess. Cleavage of the protecting groups under basic conditions

affords a rigid hydrocarbon skeleton with four directional functions. This was used as a building block for

a tetradentate boron Lewis acid. Its applicability as a host for Lewis-base substrates was demonstrated by

the formation of adducts with various nitrogen bases. Adduct formation with hydrazine leads to

impressive networks between the tetraboron host and the substrate molecules.
Introduction

The growing eld of main group poly-Lewis acids (PLAs) nds
an increasing number of applications in anion sensing1/trans-
port,2 small molecule recognition3 and catalysis.4 Actually, the
majority of PLAs are based on group-13-element functions.3d–f,5

Depending on size and geometry of their cavity, tailor-made
difunctional PLAs with rigid organic backbones were demon-
strated to bind different substrates with high selectivity. Bisboranes
with short-spacing 1,2-phenylenediyl (I) or 1,8-naphthalenediyl
frameworks (II) are most suitable for the m(1,1)-chelation of anions
ntate (B) Lewis acids with directed
thracene (1) and its syn-photo-

Lehrstuhl für Anorganische Chemie und

ar Materials (CM2), Universitätsstr. 25,
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such as hydride,6 uoride,7 chloride8 or azide,7d,8c while larger 1,8-
biphenylenediyl (III) and 1,8-triptycenediyl derivatives (IV) are
capable of forming m(1,2)-chelates with substrates having adjacent
binding sites such as cyanide or hydrazine.3e

Larger cavities (ca. 5 �A) based on functionalised 1,8-dieth-
inylanthracenes allow the formation of stable m(1,3)-adducts
with pyrimidine.3f,9 However, while these difunctional receptors
are comparatively simple, those with more than two binding
sites are rather scarce.10 Tetradentate derivatives, with
a doubled number of functions, are in principle accessible in
the form of the corresponding head-to-head anthracene photo-
dimers B instead of their monomers A (Scheme 1).11 However,
the main problem associated with photo-dimerising 1,8-func-
tional anthracenes is the formation of a mixture of two isomers,
syn (head-to-head) and anti (head-to-tail). Owing to steric and
electronic parameters, the head-to-tail isomer is usually formed
in large excess.12

Recently, we reported 1,8-dialkynylanthracenes linked in
positions 10 and 100 by short hydrocarbon chains (CH2)n (n ¼
2,3; C, Scheme 2).13 Their irradiation with UV light led to
a selective head-to-head arrangement of the substituents (D).
Chem. Sci., 2021, 12, 7943–7952 | 7943
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Scheme 2 Restrained photo-“dimerization” of a 10,100-linked bisan-
thracenes C leads to syn-photo-“dimers” D.

Scheme 4 Synthesis of dialkynylanthracene 5 starting from 3 (95%) or
4 (81%), respectively; a) 2-methylbut-3-yn-2-ol, PdCl2(PPh3)2, CuI,
diisopropylamine, reflux.
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However, the required bisanthracene precursors are available
only in very limited quantities and this clearly hinders their use
for further developments in the direction of PLAs.

Instead of covalent bonding, non-covalent interactions such
as hydrogen bonds and p,p-interactions could also have the
desired effects on the isomer ratio during photo-dimerisation.
In the past, it has been already shown for some anthracene-
carboxylic acids, that non-covalent interactions can affect the
syn/anti ratio during photo-cyclodimerisation. To this purpose,
various template strategies were applied using cyclodextrines,14a

cucurbituriles14b or photoresponsive organogels.14c In addition,
two anthracenecarboxylic acid molecules can be preorganised
to a kind of template complex by, for example, diamines14d or b-
aminoalcohols.14e However, a selective head-to-head photo-
cyclomerization without the use of additives leading to
a precursor for the design of further spatially dened systems
on a gram scale has not yet become known.

Results and discussion

To investigate the photo-chemistry of 1,8-diethynylanthracene
(1; Scheme 3), we now performed UV irradiation experiments on
the NMR scale in various deuterated solvents. We found, that at
constant concentrations of 1 (3.33 mg mL�1), the fraction of
syn-2 was about 10% greater in high-polarity solvents such as
DMSO or DMF (z32%) than in non- or low-polar solvents such
as benzene or chloroform (21%; see Table S1, ESI†). In DMF,
however, the fraction of syn-2 was signicantly lower at higher
concentrations of 1.

For the preparation of syn-2 on a gram scale we irradiated
solutions of monomer 1 in a photo-reactor in degassed DMF or
dichloromethane for several days. Their similar polarities and
identical molecular weights made the separation of both
isomers difficult. Only small amounts of syn-2 per run could be
separated by column chromatography on silica gel or
Scheme 3 The head-to-head photo-dimer syn-2 and the head-to-
tail photo-dimer anti-2 are obtained upon UV irradiation of 1,8-
diethynylanthracene (1).

7944 | Chem. Sci., 2021, 12, 7943–7952
preparative HPLC, leaving the bulk as an inseparable mixture of
the two compounds. The combination of crystallisation and
precipitation proved to be a more efficient method of purica-
tion (see Experimental section). Regardless of the solvent and
themethod of purication, syn-2 could be isolated in this way in
only about 18% yield. This, together with the very time- and
solvent-consuming work, prompted us to develop new andmore
sophisticated strategies to improve the chemoselectivity for the
syn-isomer. We focused on investigating the inuence of the
alkyne protection group concerning the syn/anti ratio upon UV
irradiation. For this purpose, we synthesised 1,8-di(3-methyl-3-
hydroxy-1-butynyl)anthracene (5)15 by Sonogashira–Hagihara
cross-coupling starting from 1,8-diiodoanthracene (3)16

(Scheme 4). By slight modication of the reaction conditions,
the yield was signicantly increased from 46% to 95%.
Anthracene-1,8-diyl bis(triuoromethanesulfonate) (4)17 as
starting material afforded 5 in only 81% yield, however, this
route is favourable due to the good accessibility of 4.

The molecular structure of 5 in the crystalline state (Fig. 1)
shows an almost parallel arrangement of two anthracene
monomers and the formation of intermolecular hydrogen
bonds between the hydroxyl groups. The relatively short
distances between the anthracene rings indicate the presence of
p–p-interactions. Most likely, this combination of hydrogen
bonds and p-stacking18 is the reason for the peculiar arrange-
ment of the anthracene monomers, in which all alkynyl-
substituents are oriented in the same direction.
Fig. 1 Molecular structure of dialkynylanthracene 5 in the crystal.
Displacement ellipsoids are drawn at 50% probability level. Hydrogen
atoms, except those of OH groups, are omitted for clarity. Dotted blue
lines indicate hydrogen bonds. For selected bond lengths and angles,
see Fig. S18† (ESI).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 NMR experiments for the photo-dimerization of dia-
lkynylanthracene 5 in various deuterated solvents. Concentrations
(�0.02 mgmL�1) of reactant 5 as well as irradiation times and fractions
(�1%) of isomers syn-6 and anti-6 are listed

Solvent c [mg mL�1] t [h] syn-6 [%] anti-6 [%]

DMSO-d6 4.00 15 8 92
DMF-d7 4.00 9 8 92
CD3CN 4.00 9 19 81
Acetone-d6 4.00 3 16 84
THF-d8 4.00 9 13 87
MeOD 4.00 9 11 89
CD2Cl2 4.00 9 47 53
CDCl3 4.00 9 47 53
C6D6 4.00 3 51 49
Cyclohexane-d12 4.00 9 85 15
Cyclohexane-d12 20.0 25 85 15
Methylcyclohexane-d14 4.00 9 84 16
Methylcyclohexane-d14 20.0 25 84 16
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A similar pre-orientation of the anthracenemolecules during
dimerization in solution should lead to a preferential formation
of the corresponding syn-photo-dimer syn-6 (Scheme 5).

In order to prove this hypothesis, UV irradiation experiments
were performed in analogy to the NMR experiments described
above for 1,8-diethynylanthracene (1). The results are shown in
Table 1. Compared to the photo-dimerization of 1 the inuence
of the solvent is much stronger and the polarity of the solvent
has the contrary effect on the syn/anti ratio. Thus, syn-6 is
formed with less than 10% in very polar solvents such as DMSO,
but with over 80% when using non-polar solvents such as
cyclohexane (C6D12) or methylcyclohexane (C7D14). The syn/anti
ratio remains unaltered upon increasing the concentration of 5
from 4.0 to 20.0 mg mL�1.

The preorganisation of monomers 5 in non-polar solvents by
hydrogen bonding andp-stacking prior to UV irradiation causes
the preferential formation of syn-6. The selectivity for the
formation of syn-6 is lower in benzene, chloroform and meth-
ylene chloride on the one hand, but much higher in saturated
hydrocarbons such as cyclohexane or methylcyclohexane. A
possible explanation is a stronger solvation of the anthracene
units by dispersion forces in the rst group of solvents, leading
to dimers without stacked anthracene units, i.e. a less perfect
preorganization. In contrast, in saturated hydrocarbon solvents,
p-stacking between anthracene units is more dominant,
leading to a preferential formation of syn-6. In turn, in more
polar solvents, the solvent molecules interact with the hydroxyl
groups of 5 and cleave off the preorganised dimers, resulting in
the preferential formation of anti-6 for steric and electronic
reasons. At this point, it is important to mention that monomer
5 can be recovered from anti-6 in thermal cycloreversion reac-
tions by simply heating solutions in o-dichlorobenzene
(Scheme 5).

For the conversion of monomer 5 on a preparative scale ($5
g), all further experiments were carried out in cyclohexane using
a photo-reactor operating at 350 nm. While the NMR
Scheme 5 Photo-dimerization of dialkynylanthracene 5. The desired
head-to-head isomer syn-6was converted to syn-2 by cleavage of the
hydroxypropyl-protecting groups; anti-6 can be thermally recon-
verted into its monomers 5.

© 2021 The Author(s). Published by the Royal Society of Chemistry
experiments led to a complete conversion of 5 aer several
hours, the multi-gram reaction required irradiation for almost
two weeks. Aer twelve days, small amounts of 5 were still
detected by 1H NMR spectroscopy. To ensure complete
conversion of the reactant, dichloromethane was added and the
reaction mixture was irradiated for further two days. Aer
removing the solvent under reduced pressure, syn-6 was ob-
tained in good yield of 82% by column chromatography. Small
amounts of anti-6 (<10%) were subsequently eluted with higher
polar solvents. This head-to-tail isomer is almost completely
insoluble in dichloromethane and other nonpolar solvents,
which is due to its chain structure with intra- and intermolec-
ular hydrogen bonds in the solid state (Fig. 2, right).

Apparently, these non-polar rods can only be fragmented by
very polar solvents, to compensate for the loss of two hydrogen
bonds per monomer. In contrast, syn-6 features four OH groups
each interacting with a neighbouring one by intramolecular
hydrogen bonds (Fig. 2 le); this saturates the polar groups, and
none of these hydrogen bonds have to be cleaved upon disso-
lution of syn-6, which explains its better solubility in non-polar
solvents.

The hydrocarbon syn-2 was obtained from syn-6 in up to 85%
yield by elimination of acetone under basic conditions (Scheme
5), applying a protocol by Schmidt et al.19 Fig. 3 shows different
views on the molecular structure of syn-2, determined by single-
crystal X-ray diffraction. All four substituents point in the same
direction. The alkynyl-moieties are nearly linear. The alkyne
protons are separated by approximately 3.7 and 5.1 �A (see
Fig. 3). The bonds between the bridgehead carbon atoms are
1.62 �A, which is in the characteristic range for 9,10:90,100-
anthracene photo-dimers.20

Having established a much simplied access to larger
amounts of syn-2, we investigated its conversion to tetrafunc-
tional Lewis acids, following our recent work on poly-Lewis acid
chemistry.3f The terminal alkyne functions of syn-2 were rst
converted by quantitative stannylation followed by tin–boron
exchange with chlorodiphenylborane (Scheme 6).
Chem. Sci., 2021, 12, 7943–7952 | 7945
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Fig. 2 Molecular structures of the photo-dimers syn-6 (left) and anti-6 (right, two molecules of an infinite chain) in the crystalline state.
Displacement ellipsoids are drawn at the 50% probability level. Solvent molecules and hydrogen atoms (except OH groups), are omitted for
clarity. Dotted lines indicate hydrogen bonds. For selected bond lengths and angles, see Fig. S21 (syn-6) and Fig. S22 (anti-6), respectively (ESI).†

Fig. 3 Different views on themolecular structure of photo-dimer syn-
2 in the crystalline state. Displacement ellipsoids are drawn at 50%
probability level. Hydrogen atoms, except those of the ethynyl groups,
are omitted for clarity. The values shown are averaged distances
between the ethynyl protons. For selected bond lengths and angles,
see Fig. S19 (ESI).†

Scheme 6 Synthesis of tetraborane 8 in two steps from precursor
syn-2.

Fig. 4 Molecular structure of the fourfold pyridine adduct 9 (8$4Py) in
the crystalline state. Displacement ellipsoids are drawn at 15% prob-
ability level. Hydrogen atoms are omitted for clarity. For selected bond
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Tetra-Lewis-acid 8 was obtained in a very good yield of 95%.
It is a moisture-sensitive compound, but otherwise storable
under inert gases under cooling to �30 �C for some weeks, but
not for unlimited time.

To demonstrate its applicability as a receptor for small
molecules, 8was reacted with different nitrogen bases. Applying
four equivalents of pyridine, ammonia (gas) or hydrazine, the
formation of 4 : 1 adducts (9, 10 and 11) with one guest mole-
cule complexed by each of the boron atoms was observed. Their
molecular structures are displayed in Fig. 4 and 5. All structures
show extremely distorted alkynyl-substituents due to the large
steric overload at the binding sites. This results in strongly bent
alkynyl functions. The Caryl–C^C angles in 9 are 174.8(3),
167.7(3), 165.9(3) and 164.6(3)�, i.e. three out of four are
markedly smaller than 170�. An ideal C–C^C angle of 180� is
7946 | Chem. Sci., 2021, 12, 7943–7952
seldom found in real compounds, but such large deviation as
found in 8 usually occur only in situations of intense steric
repulsion. For comparison, 1,8-bis(diphenylboranyl-ethynyl)
anthracene,3f the formal monomer of the dimer form 8, has
corresponding C–C^C angles of 178.1(3) and 177.6(3)�. Even
two trimethylsilyl groups in 1,8-bis(trimethylsilyl-ethinyl)
anthracene3f lead to only moderate distortions of 178(6)� in the
gas phase by electron diffraction and 174.4(1) and 178.5(1)� in
the crystal.21

The intramolecular B/B distances range from 5.71(1) to
9.17(1)�A for 9, 4.95(1) to 8.34(1)�A for 10 and 5.22(1) to 7.93(1)�A
for 11, respectively. The B–N bonds are between 1.62(1) and
1.65(1) �A and therefore above the sum of the covalence radii
(1.55 �A (ref. 22)).

In particular, adduct 11 shows an interesting structural
motif with three intramolecular hydrogen bonds [N/H: 2.0(1)
�A]23 between the four hydrazine molecules (Fig. 5, below). All
N–N bonds have an identical length of 1.46(1) �A. The B–N–N
bond angles range from 112.3(3) to 118.0(3)�. It is noteworthy
that 11 formed selectively from benzene, regardless whether 8
was converted with two or four equivalents of hydrazine.
However, using CD2Cl2 as the solvent instead, stepwise titration
of 8 (0.2 eq. steps) with a total of two equivalents of hydrazine
led to the formation of a different crystalline complex 12 (Fig. 6).
lengths and angles, see Fig. S23 (ESI).†

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular structure of the tetra-ammonia adduct 10 (8$4NH3;
above) and the tetra-hydrazine adduct 11 (8$4N2H4; below) in the
crystalline state. Displacement ellipsoids are drawn at 30% (for C) and
50% (for B and N) probability levels. Carbon-bound hydrogen atoms
and solvent molecules are omitted for clarity. Dotted lines indicate
hydrogen bonds. For selected bond lengths and angles, see Fig. S24†
(10) and Fig. S26 (11), respectively (ESI).†

Fig. 6 Molecular structure of the penta-hydrazine adduct 12
([8$5N2H4]n) in the crystalline state. Displacement ellipsoids are drawn
at 30% probability level. Carbon-bound hydrogen atoms are omitted
for clarity. Symmetry codes:�1

4 + y, 34 � x,�1
4 + z for E0 and 3

4 � y, 14 + x, 14
+ z for E00. Hydrogen bonds, indicated by dotted lines, are in a normal
range [1.91(1)–2.11(1) �A; except for N(4)/H(6A) with 2.33(3) �A].22 For
selected bond lengths and angles, see Fig. S27 (ESI).†

Scheme 7 Numbering scheme for NMR spectroscopic assignments.
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12 is the result of a highly dynamic process, as the 1H NMR
spectra (Fig. S11, ESI†) show that a large number of host-guest
complexes are present at any time. X-Ray diffraction studies
provide the formula [8$5N2H4]n with one hydrazine molecule
bridging two units of the tetra-hydrazine adduct 11 in chains.
This indicates a solvent dependency of the adduct formation.

In addition to the host–guest experiments mentioned above,
several attempts were made to obtain 1 : 1 complexes of the
tetra-Lewis-acid 8 and guest-compounds to demonstrate that
the four boron atoms can act cooperatively and bind substrates
with one or more Lewis base sites. However, no reaction was
observed, when 8 was converted with tetrakis(dimethylamino)
ethylene, (Me2N)2C]C(NMe2)2, or with dimethoxymethane,
MeOCH2OMe. Mono- and dianionic substrates, such as H–, F–,
Cl–, CN–, SCN–, C2O4

2� and phthalate, C6H4-1,2-(CO2
�)2,

generated from the corresponding Na, K or PPh4 salts,
anthracene-1,8-dicarboxylate or by tris(dimethylamino)
© 2021 The Author(s). Published by the Royal Society of Chemistry
sulfonium diuorotrimethylsilicate (TASF), respectively, as well
as cyanamide, N^C–NH2, and 1,2,4,5-tetrazine led to
a complete decomposition of the tetra-boron compound 8.
Adding tetramethylethylenediamine (TMEDA), tetramethylme-
thylenediamine (TMMDA), 1H-tetrazole and 1,3-diazine
(pyrimidine), we observed unselective complexation reactions,
whereas polymerization of the mixture occurred upon addition
of the corresponding 1,4-derivative pyrazine.
Conclusions

Essentially, we have established a large-scale and high-yield
access to tetraboron Lewis acids based on the head-to-head
photo-dimer of 1,8-diethynylanthracene. The key step was to
exploit molecular preorientation through hydrogen bonding
between 2-hydroxypropyl protecting groups as well as p-stack-
ing between anthracene units, and to use non-polar solvents to
favour the formation of such precomplexes. The ability of the
new poly-Lewis acid with four directional boron functions to
bind and organise a series of small nitrogen bases, encourages
Chem. Sci., 2021, 12, 7943–7952 | 7947
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us to exploit the cooperativity of the four boron acid sites for
other suitable substrates. The photo-dimer syn-6 can also nd
applications as a hydrocarbon building block for the design of
other spatially dened tetrafunctional systems.
Experimental
General

The syntheses of 1,8-diethynylanthracene (1),9,24 1,8-diiodoan-
thracene (3),16 anthracene-1,8-diyl bis(triuoromethanesulfonate)
(4)17 and chlorodiphenylborane25 were performed according to
literature protocols. 2-Methylbut-3-yn-2-ol (from Alfa Aesar), cop-
per(I) iodide and potassium phosphate (both from Acros
Organics), potassium hydroxide (from Carl Roth), diisopropyl-
amine (from Merck), bis(triphenylphosphine)palladium(II)
dichloride (from Fluorochem) and ammonia (from Linde) were
used without further purication. (Dimethylamino)trimethyl-
stannane (from Sigma Aldrich) was used aer condensation.
Pyridine (from VWR Chemicals) and hydrazine (from Fisher
Scientic) were dried over potassium hydroxide and used aer
distillation. All reactions using organometallic reagents were
carried out under an anhydrous, inert atmosphere of nitrogen
using standard Schlenk techniques in dry solvents (THF dried
over potassium, n-hexane dried over LiAlH4, dichloromethane
dried over CaH2, benzene dried over P4O10). Photo-dimerisation
reactions were performed either using a UVGL-25 Compact UV
Lamp (4 W, 230 V, 365 nm) for NMR experiments or using
a Rayonet photo reactor [16 lamps (14 W, 230 V), 350 nm
(broadband)] for experiments in multi-gram scale. Column chro-
matography was performed on silica gel 60 (0.04–0.063 mm).
NMR spectra were recorded on a Bruker Avance III 500, a Bruker
Avance III 500 HD and a Bruker Avance 600 (at 298 K unless
otherwise specied). The chemical shis (d) were measured
in ppm with respect to the solvent [CDCl3:

1H NMR d¼ 7.26 ppm,
13C NMR d¼ 77.16 ppm; CD2Cl2:

1H NMR d¼ 5.32 ppm, 13C NMR
d ¼ 54.00 ppm, C6D6:

1H NMR d ¼ 7.16 ppm, 13C NMR d ¼
128.06 ppm; THF-d8:

1H NMR d ¼ 1.73 and 3.58 ppm, 13C NMR
d ¼ 25.37 and 67.57 ppm; o-Cl2C6D4 (from deutero): 1H NMR d ¼
6.93 and 7.19 ppm] or referenced externally (11B : BF3$OEt2,
119Sn : SnMe4). EI mass spectra were recorded using an Autospec
X magnetic sector mass spectrometer with EBE geometry
(Vacuum Generators, Manchester, UK) equipped with a standard
EI source. ESI mass spectra were recorded using an Esquire 3000
ion trap mass spectrometer (Bruker Daltonik GmbH, Bremen,
Germany) equipped with a standard ESI source.

Accurate mass ESI measurements were recorded using an
Agilent 6220 time-of-ight mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA, USA) in extended dynamic range
mode equipped with a dual ESI-source, operating with a spray
voltage of 2.5 kV, or using a Q-IMS-TOF mass spectrometer
Synapt G2Si (Waters, Manchester, UK) in resolution mode,
interfaced to a nano-ESI ion source. Elemental analyses were
performed with a CHNS elemental analyser HEKATECH EURO
EA. The numbering scheme for NMR assignments of the
anthracenes (Scheme 7) and their photo-dimers is based on
IUPAC guidelines.
7948 | Chem. Sci., 2021, 12, 7943–7952
Synthetic procedures

Synthesis of 1,8-di(3-methyl-3-hydroxy-1-butynyl)anthracene
(5)

Method a. A suspension of 1,8-diiodoanthracene (3; 1.23 g,
2.86 mmol) and 2-methylbut-3-yn-2-ol (1.4 mL, 14 mmol) in
diisopropylamine (50 mL) was degassed by four freeze–
pump–thaw cycles. During the last cycle PdCl2(PPh3)2 and
CuI (three spatula tips of each compound) were added to the
frozen mixture. The suspension was heated to reux for 7 d.
Aer quenching with saturated NH4Cl-solution (70 mL),
dichloromethane (80 mL) was added. The aqueous layer was
separated and extracted with dichloromethane (5 � 30 mL).
The combined organic phases were dried over MgSO4 and
the solvent was evaporated under reduced pressure. Column
chromatography (B ¼ 3 cm, l ¼ 10 cm, eluent: dichloro-
methane) afforded 5 as a yellow solid. Yield: 935 mg (95%);
Rf ¼ 0.1.

Method b. A suspension of anthracene-1,8-diyl bis(tri-
uoromethanesulfonate) (4; 12.0 g, 25.3 mmol) and 2-
methylbut-3-yn-2-ol (16.0 mL, 164 mmol) in diisopropylamine
(220 mL) was degassed by four freeze–pump–thaw cycles.
During the last cycle PdCl2(PPh3)2 (0.9 g, 5 mol%) and CuI
(0.45 g, 9 mol%) added to the frozen mixture. The suspension
was heated to reux for 3 d. Aer quenching with saturated
NH4Cl-solution (200 mL) and water (200 mL), the aqueous layer
was separated and extracted with dichloromethane (5� 50 mL).
The combined organic phases were dried over MgSO4 and the
solvent was evaporated under reduced pressure. Column chro-
matography (B ¼ 5 cm, l ¼ 12 cm, eluent: dichloromethane)
afforded 5 as a yellow solid. Later fractions were contaminated
with 2,7-dimethylocta-3,5-diyne-2,7-diol, which could be
removed by sublimation (2 d, 50 �C, 5� 10�3 mbar). Total yield:
7.05 g (81%); Rf ¼ 0.1.

Analytical data. 1H NMR (500 MHz, CDCl3): d ¼ 9.40 (s, 1H,
H9), 8.38 (s, 1H, H10), 7.95 (d, 3JH,H ¼ 8.5 Hz, 2H, H4/H5), 7.63
(dd, 3JH,H ¼ 6.9 Hz, 4JH,H ¼ 0.8 Hz, 2H, H2/H7), 7.40 (dd, 3JH,H ¼
8.5, 6.9 Hz, 2H,H3/H6), 3.54 (s, 2H, OH), 1.75 (s, 12H, CH3) ppm.
13C{1H} NMR (125 MHz, CDCl3): d ¼ 131.5, 131.5, 130.0 (C2/C7),
128.9 (C4/C5), 127.3 (C10), 125.1 (C3/C6), 124.1 (C9), 121.1, 99.9
(ArC^C), 80.3 (ArC^C), 66.2 (COH), 31.8 (CH3) ppm. MS (EI, 70
eV): m/z [assignment] ¼ 342.1 [M]+. MS (ESI, positive ions): m/z
[assignment] ¼ 360.3 [M + NH4]

+, 365.2 [M + Na]+. HRMS (ESI):
calcd for C24H22O2Na

+: 365.15120; measured: 365.1510; dev.
[ppm]: 0.55, dev. [mmu]: 0.20.

Photo-dimerisation of alkynylanthracenes 1 and 5
General procedure for photo-dimerisation NMR studies. In an

NMR tube, small amounts of the anthracene monomer (1 or 5)
were dissolved or suspended in the degassed deuterated
solvent, adjusting the desired concentrations. The mixtures
were irradiated with UV light (365 nm) until no more signals of
the reactant could be observed in the 1H NMR spectrum,
respectively. If the product partially precipitated, the solvent
was removed under reduced pressure and a 1H NMR spectrum
of the residue was recorded in DMSO-d6 due to better solubility.
The results concerning the syn/anti ratio are given in Table S1†
(for 1) and Table 1 (see above, for 5).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Photo-dimerisation reactions in preparative scales
Photo-dimerisation of 1,8-diethynylanthracene (1). A solution of

1,8-diethynylanthracene (1; 5.33 g, 23.6 mmol) in N,N-dime-
thylformamide (150 mL) was degassed by four freeze–pump–
thaw cycles. Using a UV reactor, the mixture was irradiated with
UV light (350 nm) for 5 d. The solvent was evaporated under
reduced pressure and the residue washed with dichloro-
methane (3 � 10 mL). The beige solid was recrystallised twice
from 1,2-dichloroethane (approx. 400mL) to remove parts of the
poorly soluble head-to-tail isomer anti-2 (2.30 g). The solvent of
the combined ltrates was evaporated under reduced pressure
and the residue dissolved in dichloromethane (350 mL). Aer
addition of n-pentane (650 mL), a solid precipitated. Removing
the solvent by ltration and air-drying of the residue afforded
syn-2 (262 mg) as a light beige solid. By multiple repetition of
recrystallisation and precipitation (up to ve times), the yields
of syn-2 (969 mg; 18%) and anti-2 (3.52 g; 66%) could be
signicantly increased.

NMR data for syn-2. 1H NMR (500 MHz, CDCl3): d ¼ 7.08 (d,
3JH,H ¼ 7.7 Hz, 4H, H2/H7), 6.90 (d, 3JH,H ¼ 7.4 Hz, 4H, H4/H5),
6.80 (t, 3JH,H ¼ 7.6 Hz, 4H, H3/H6), 6.10 (s, 2H, H9), 4.53 (s, 2H,
H10), 3.30 (s, 4H, C^CH) ppm. 13C{1H} NMR (125 MHz, CDCl3):
d ¼ 145.5, 143.5, 130.2 (C2/C7), 127.5 (C4/C5), 125.8 (C3/C6),
120.7, 81.9 (C^CH), 81.3 (C^CH), 53.4 (C9), 47.4 (C10) ppm.

NMR data for anti-2. 1H NMR (500 MHz, CDCl3): d ¼ 7.11 (dd,
3JH,H ¼ 7.4 Hz, 4JH,H ¼ 0.8 Hz, 4H, H4/H5), 7.01 (dd, 3JH,H ¼
7.7 Hz, 4JH,H ¼ 1.2 Hz, 4H, H2/H7), 6.82 (t, 3JH,H ¼ 7.6 Hz, 4H,
H3/H6), 5.74 (d, 3JH,H ¼ 11.1 Hz, 2H, H9), 4.68 (d, 3JH,H ¼
11.1 Hz, 2H, H10), 3.36 (s, 4H, C^CH) ppm. 13C{1H} NMR (125
MHz, CDCl3): d ¼ 145.0, 143.3, 129.9 (C2/C7), 126.9 (C4/C5),
126.0 (C3/C6), 120.5, 82.4 (C^CH), 80.8 (C^CH), 51.7 (C9), 48.1
(C10) ppm.

Photo-dimerisation of 1,8-di(3-methyl-3-hydroxy-1-butynyl)
anthracene (5). A suspension of 1,8-di(3-methyl-3-hydroxy-1-
butynyl)anthracene (5; 5.00 g, 14.6 mmol) in degassed cyclo-
hexane (240 mL) was irradiated with UV light (350 nm) in a UV
reactor for 12 d. Aer addition of degassed dichloromethane (50
mL) the mixture was irradiated for further 2 d. The solvent was
evaporated under reduced pressure. Column chromatography
(B ¼ 5 cm, l ¼ 14 cm, eluent: dichloromethane) afforded syn-6
as a colourless solid. Yield: 4.10 g (82%); Rf ¼ 0.3.

Small amounts of the head-to-tail isomer anti-6 could be
obtained by subsequent elution of the chromatography column
with N,N-dimethylformamide. Larger amounts of anti-6 are
available by irradiating solutions of 5 in other solvents. Thus,
reacting 1,8-di(3-methyl-3-hydroxy-1-butynyl)anthracene (5;
5.00 g, 14.6 mmol) in a degassed n-pentane/benzene mixture
(160 mL/80 mL) for 6 d afforded both syn-6 (3.18 g, 64%) and
anti-6 (1.40 g, 28%) aer purication by column
chromatography.

Analytical data for syn-6. 1H NMR (500 MHz, CDCl3): d ¼ 6.95
(dd, 3JH,H ¼ 7.7 Hz, 4JH,H ¼ 1.2 Hz, 4H, H2/H7), 6.85 (dd, 3JH,H ¼
7.3 Hz, 4JH,H ¼ 1.0 Hz, 4H, H4/H5), 6.77 (t, 3JH,H ¼ 7.5 Hz, 4H,
H3/H6), 6.01 (s, 2H, H9), 5.95 (s, 4H, OH), 4.51 (s, 2H, H10), 1.73
(s, 12H, CH3), 1.65 (s, 12H, CH3) ppm. 13C{1H} NMR (125 MHz,
CDCl3): d¼ 144.8, 143.6, 129.1 (C2/C7), 126.7 (C4/C5), 125.5 (C3/
© 2021 The Author(s). Published by the Royal Society of Chemistry
C6), 121.5, 97.6 (ArC^C), 80.5 (ArC^C), 65.6 (COH), 53.6 (C10),
47.4 (C9), 32.1 (CH3), 31.5 (CH3) ppm. MS (ESI, positive ions):m/
z [assignment] ¼ 707.3 [M + Na]+. HRMS (ESI): calcd for
C48H44O4Na

+: 707.31318; measured: 707.3118; dev. [ppm]: 1.95,
dev. [mmu]: 1.38.

Analytical data for anti-6. 1H NMR (500 MHz, THF-d8): d ¼
7.06 (dd, 3JH,H ¼ 7.3 Hz, 4H, H4/H5), 6.80 (dd, 3JH,H ¼ 7.7 Hz,
4JH,H ¼ 1.2 Hz, 4H, H2/H7), 6.72 (t, 3JH,H ¼ 7.5 Hz, 4H, H3/H6),
5.74 (d, 3JH,H ¼ 11.0 Hz, 2H, H9), 5.09 (s, 4H, OH), 4.66 (d, 3JH,H

¼ 11.0 Hz, 2H, H10), 1.72 (s, 12H, CH3), 1.62 (s, 12H, CH3) ppm.
13C{1H} NMR (125 MHz, THF-d8): d ¼ 145.5, 144.7, 129.4 (C2/
C7), 126.8 (C4/C5), 126.3 (C3/C6), 122.7, 100.4 (ArC^C), 80.7
(ArC^C), 65.5 (COH), 53.0 (C10), 49.4 (C9), 32.4 (CH3) ppm. MS
(ESI, positive ions): m/z [assignment] ¼ 707.4 [M + Na]+. HRMS
(ESI): calcd for C48H44O4Na

+: 707.31318; measured: 707.31285;
dev. [ppm]: 0.47, dev. [mmu]: 0.33.

Cleavage of the acetone protecting groups. A suspension of
syn-6, K3PO4 and KOH in toluene was heated to reux for at
least 4 h. The solvent was evaporated under reduced pressure.
Column chromatography (eluent: dichloromethane/n-pentane
1 : 1) afforded syn-2 as a colourless solid. Rf ¼ 0.8. Small scale:
Converting syn-6 (50 mg, 73 mmol), K3PO4 (94 mg, 0.44 mmol)
and KOH (25 mg, 0.45 mmol); yield (syn-2): 28 mg (85%). Large
scale: Converting syn-6 (2.78 g, 4.06 mmol), K3PO4 (5.25 g, 24.7
mmol) and KOH (1.40 g, 25.0 mmol); yield (syn-2): 1.44 g (78%).

Thermal cycloreversion reactions
General procedure for thermal cycloreversion. In a Young-NMR

tube small amounts (3–5 mg) of anti-2 or anti-6 were dissolved
or suspended in degassed 1,2-dichlorobenzene-d4 (0.5 mL). The
mixtures were heated in a sand bath to 220 �C and the reaction
progress was monitored by 1H NMR spectroscopy. Aer 6 h,
anti-6 was completely converted into its monomer 5. The
cycloreversion of anti-2 (to give its monomer 1) is stopped at
a ratio of approx. 1 : 1 (dimer : monomer). Aer several days
slow decomposition was observed. The 1H NMR spectroscopic
data are given in Table S3 (ESI).†

Modication of syn-2 with boron functions
Syn-photo-dimer of 1,8-bis[(trimethylstannyl)ethynyl]anthracene

(7). (Dimethylamino)trimethylstannane (1.4 mL, 8.6 mmol) was
added to a suspension of the photo-dimer syn-2 (800 mg, 1.77
mmol) in THF (15 mL) and the mixture was stirred at 60 �C for
3 h. Evaporating all volatile compounds under reduced pressure
and drying the residue in vacuo quantitatively afforded 7 as
a light beige solid. 1H NMR (500 MHz, C6D6): d ¼ 7.18 (dd, 3JH,H

¼ 7.4 Hz, 4JH,H ¼ 1.7 Hz, 4H, H2/H7), 6.59 (dd, 3JH,H ¼ 7.4 Hz,
4JH,H ¼ 1.7 Hz, 4H, H4/H5), 6.56 (t, 3JH,H ¼ 7.4 Hz, 4H, H3/H6),
6.40 (s, 2H, H9), 4.01 (s, 2H, H10), 0.45 (s, 36H, CH3) ppm. 13C
{1H} NMR (125 MHz, C6D6): d ¼ 144.7, 144.1, 132.1 (C2/C7),
126.9 (C4/C5), 125.5 (C3/C6), 122.9, 109.6 (C^CSn), 96.9
(C^CSn), 53.8 (C10), 48.9 (C9),�6.8 (CH3) ppm. 119Sn{1H} NMR
(186 MHz, C6D6): d ¼ �66.0 ppm. Elemental analysis calcd (%)
for C48H52Sn4: C 52.23, H 4.75; found: C 52.54, H 4.37.

Syn-photo-dimer of 1,8-bis[(diphenylboranyl)ethynyl]anthracene
(8). Chlorodiphenylborane (0.7 mL, 4 mmol) was added to
a suspension of tetrastannane 7 (971 mg, 0.88 mmol) in n-
hexane (12 mL) at 0 �C. The mixture was slowly warmed to
ambient temperature and stirred for 2 d. The suspension was
Chem. Sci., 2021, 12, 7943–7952 | 7949
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centrifuged (2000 rpm, 40 min) and the supernatant solution
removed with a syringe. The crude product was washed with n-
hexane (2 � 10 mL) and benzene (2 mL) by centrifugation
(2000 rpm, 40 min) and removing the supernatant solution,
respectively. Drying the residue in vacuo afforded tetraborane 8
as a light grey solid. Yield: 926 mg (95%). 1H NMR (500 MHz,
C6D6): d ¼ 7.99 (dd, 3JH,H ¼ 7.6 Hz, 4JH,H ¼ 1.7 Hz, 16H, Ph-
Hortho), 7.25 (dd,

3JH,H¼ 7.7 Hz, 4JH,H¼ 1.3 Hz, 4H,H2/H7), 6.95–
7.02 (m, 24H, Ph-Hmeta/Ph-Hpara), 6.82 (s, 2H, H9), 6.73 (dd, 3JH,H

¼ 7.3 Hz, 4JH,H ¼ 1.2 Hz, 4H, H4/H5), 6.66 (t, 3JH,H ¼ 7.5 Hz, 4H,
H3/H6), 4.16 (s, 2H, H10) ppm. 13C{1H} NMR (125 MHz, C6D6):
d ¼ 144.2, 144.2, 141.4 (Ph-Cipso), 138.8 (Ph-Cortho), 132.4 (C2/
C7), 131.9 (Ph-Cpara), 128.4 (C4/C5), 127.8 (Ph-Cmeta), 126.2 (C3/
C6), 122.7, 120.0 (C^CB), 106.3 (C^CB), 53.9 (C10), 50.0
(C9) ppm. 11B{1H} NMR (160 MHz, C6D6): d ¼ 43.7 (bs) ppm.
Elemental analysis calcd (%) for C84H56B4: C 91.01, H 5.09, B
3.90; found: C 86.96, H 5.39, B 3.69.

Adduct formation with nitrogen bases
Synthesis of the pyridine adduct 9 (8$4Py). Pyridine (15 mL, 0.19

mmol) was added to a solution of tetraborane 8 (50 mg, 45
mmol) in dichloromethane (1.0 mL). Aer a few seconds, a col-
ourless solid precipitated. The mixture was stirred for 2.5 h at
ambient temperature. The precipitate was isolated by ltration,
washed with dichloromethane (0.5 mL) and dried in vacuo. 9
was obtained as a colourless crystalline solid, bearing one
solvent molecule dichloromethane per formula unit. Yield:
57 mg (84%). 1H NMR (600 MHz, C6D6): d ¼ 8.70–8.75 (m, 8H,
Py-Hortho), 7.45 (dd, 3JH,H ¼ 7.5 Hz, 4JH,H ¼ 1.4 Hz, 4H, H2/H7),
7.36–7.42 (m, 16H, Ph-Hortho), 7.01–7.10 (m, 24H, Ph-Hmeta/Ph-
Hpara), 6.77 (t, 3JH,H ¼ 7.4 Hz, 4H, H3/H6), 6.74 (dd, 3JH,H ¼
7.2 Hz, 4JH,H ¼ 1.2 Hz, 4H, H4/H5), 6.65 (s, 2H, H9), 6.52–6.57
(m, 8H, Py-Hmeta), 6.47–6.52 (m, 4H, Py-Hpara), 4.21 (s, 2H,
H10) ppm. 13C{1H} NMR (150 MHz, C6D6, 333 K): d ¼ 151.2 (Ph-
Cipso), 146.8 (Py-Cortho), 144.8, 143.4, 139.5 (Py-Cpara), 134.7 (Ph-
Cortho), 132.4 (C2/C7), 127.7 (Ph-C), 125.9 (Ph-C), 125.7 (C4/C5),
125.2 (Py-Cmeta), 100.8 (C^CB), 55.2 (C10), 50.7 (C9) ppm.
Signals not observed or assignable for C^CB, C2/C7 and one of
the quaternary carbon atoms. Due to the very low solubility of
the compound, a 11B NMR spectrum could not be recorded.
Elemental analysis calcd (%) for C104H76B4N4$CH2Cl2: C 83.52,
H 5.21, N 3.71; found: C 81.64, H 5.49, N 3.56.

Synthesis of the ammonia adduct 10 (8$4NH3). Gaseous
ammonia (570 mmol) was added to a frozen solution of tetra-
borane 8 (150 mg, 135 mmol) in benzene (1.0 mL) by condensa-
tion. The mixture was slowly warmed to ambient temperature.
The resulted suspension was stirred overnight and the precipi-
tate was isolated by ltration. It was washed with n-hexane (0.5
mL) and benzene (0.5 mL) and dried in vacuo. 10was obtained as
a colourless crystalline solid, bearing one solvent molecule
benzene per formula unit. Yield: 113 mg (67%). 1H NMR (500
MHz, CD2Cl2): d¼ 7.34–7.39 (m, 8H, Ph-Hortho), 7.24–7.29 (m, 8H,
Ph-Hmeta), 7.13–7.23 (m, 12H, Ph-Hmeta/Ph-Hpara), 7.15 (d, 3JH,H ¼
7.6 Hz, 4H,H2/H7), 7.11 (d, 3JH,H¼ 6.8 Hz, 8H, Ph-Hortho), 7.03 (t,
3JH,H ¼ 7.3 Hz, 4H, Ph-Hpara), 6.94 (d,

3JH,H ¼ 6.9 Hz, 4H,H4/H5),
6.84 (t, 3JH,H ¼ 7.5 Hz, 4H, H3/H6), 6.10 (s, 2H, H9), 4.59 (s, 2H,
H10), 3.05 (bs, 12H, NH3) ppm. 13C{1H} NMR (125 MHz, CD2Cl2):
d ¼ 150.9 (Ph-Cipso), 144.6, 143.9, 133.3 (Ph-Cortho), 132.3 (Ph-
7950 | Chem. Sci., 2021, 12, 7943–7952
Cortho), 131.4 (C2/C7), 128.4 (Ph-Cmeta), 128.3 (Ph-Cmeta), 127.0
(Ph-Cpara), 126.6 (Ph-Cpara), 126.6 (C4/C5), 125.9 (C3/C6), 123.7,
109.8 (Ph-Cipso), 100.2 (C^CB), 54.4 (C10, superimposed by the
solvent signal), 49.6 (C9) ppm. No signal observed for C^CB. 11B
NMR (160 MHz, CD2Cl2): d ¼ �9.4 (s) ppm. Elemental analysis
calcd (%) for C84H68B4N4$C6H6 : C 86.14, H 5.94, N 4.46; found:
C 84.17, H 5.69, N 4.53.

Synthesis of the hydrazine adduct 11 (8$4N2H4). Hydrazine (16
mL, 0.50 mmol) was added to a solution of tetraborane 8 (125 mg,
113 mmol) in benzene (1.0 mL). Aer a few seconds, a colourless
solid precipitated. The mixture was stirred for 3 h at ambient
temperature. The precipitate was isolated by ltration. It was
washed with benzene (1.0 mL) and dried in vacuo. 11 was ob-
tained as a colourless crystalline solid. Yield: 102 mg (73%). 1H
NMR (500 MHz, CD2Cl2): d ¼ 7.10–7.26 [m, 44H, (Ph-H, 40H; H2/
H7, 4H)], 6.97 (d, 3JH,H ¼ 7.1 Hz, 4H, H4/H5), 6.90 (t, 3JH,H ¼
7.5 Hz, 4H, H3/H6), 5.72 (s, 2H, H9), 5.41 (d, 3JH,H ¼ 11.2 Hz, 4H,
BNH), 4.60 (s, 2H, H10), 4.33 (d, 3JH,H ¼ 11.2 Hz, 4H, BNH), 3.65
(bs, 8H, BNNH2) ppm. 13C{1H} NMR (125MHz, CD2Cl2): d¼ 148.2
(Ph-Cipso), 144.3, 143.1, 133.5 (Ph-Cortho), 133.1 (Ph-Cortho), 131.5
(C2/C7), 128.4 (Ph-Cmeta), 128.3 (Ph-Cmeta), 127.1 (Ph-Cpara), 126.9
(C4/C5), 126.4 (C3/C6), 123.0, 101.4 (C^CB), 54.7 (C10), 50.1
(C9) ppm. No signal observed for C^CB. 11B NMR (160 MHz,
CD2Cl2): d ¼ �5.8 (s) ppm. Elemental analysis calcd (%) for C84-
H72B4N8 : C 81.58, H 5.87, N 9.06; found: C 80.36, H 5.79, N 8.77.
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