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Dibenzocyclooctatetraene based poly-Lewis-
acids: flapping hosts for multidentate guestst
Maximilian J. Klingsiek,

Jan-Hendrik Lamm,
Norbert W. Mitzel 12 *

Julian Buth, @& Pia C. Trapp, Andreas Mix,
Beate Neumann, Hans-Georg Stammler 2 and

A synthetic route to flapping poly-Lewis acids (PLAs) based on dibenzocyclooctatetraene was developed.
The reactivity of tetradentate boron and aluminium containing PLAs towards various Lewis bases (LB)
including drugs was investigated in detail. By using different monodentate LBs, the different effective
Lewis acidities (eLA) of the respective pairings were determined and compared with each other. The reac-
tion with multidentate LBs yielded a range of adducts, which were analysed in solution by NMR methods,
including DOSY NMR spectroscopy, and in the solid state by X-ray diffraction. The adducts include
specific oligomers, and coordination polymers constructed via B—P, Al-P and Al-N interactions. The
solid-state structures of these coordination polymers have been determined. The results of complexation
of bidentate LB by the tetradentate PLA show that LB is preferentially chelated in the binding pockets,
which does not impede the flapping movement during chelating complexation. This phenomenon can be
attributed to a reduction in entropy when this flapping motion is lost. The aluminium containing PLAs
were observed to form a complex with two caffeine molecules, exhibiting remarkable preference for
oxygen functions. In contrast, the reaction with theobromine resulted in the degradation of the PLAs due
to the presence of acidic protons in theobromine, leading to the formation of a dimeric aluminium con-
taining theobromine derivative. These findings demonstrate the interaction of PLAs with drugs. They
provide a foundation for the advancement of PLAs with a tuneable orientation of Lewis acidic functions.

require electron withdrawing substituents to generate high
Lewis acidities.*>7197233173¢ The scaffolds of PLAs have to be

Poly-Lewis acids (PLAs) are molecules that are usually con-
structed from a donor-free organic scaffold with several Lewis
acidic units. They are the phenomenological counterpart of
poly-Lewis bases (e.g. crown ethers and cryptands), which can
selectively complex monoatomic cations.” Conversely, PLAs
can complex small anions (H™, F~, Cl, Br, I, HO™), in some
cases selectively.*® They are also used in catalysis,’* ™ in the
recognition of small molecules’® > and in the formation of
supramolecular structures.”®**”>” The Lewis acid units of such
PLAs can contain many different elements including
silicon,”'®*® tin,> antimony®>*° or mercury.>”*° However,
group 13 elements (B, Al, Ga, In) are commonly used as they
are intrinsically electron deficient and do not necessarily
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donor-free and are mostly based on hydrocarbons, often con-
structed from rigid aromatic systems (sometimes extended by
alkynyl units) to ensure a defined distance between the acidic
functions,®'9?*3%3437 hut organosilane-based systems have
also been used.?*?%3%3% In recent years, bidentate®>>832:39:40
PLAs have been intensely investigated, but tri-,
tetra-,>*" penta-,** hexa-'>?**® and octadentate*® systems have
also been reported. The flexibility of the PLAs produced varies,
with rigid systems for example based on anthracene®®**3*
or TBTQ'?* as well as (semi-)flexible systems based on
silanes®®?° or ethane.®> However, the use of scaffolds that
allow a controllable flexibility, or better, a controllable orien-
tation of the Lewis acid units, has not been investigated in
detail.

For such PLAs, dibenzocyclooctatetraene (dbCOT) is an
interesting backbone. The dbCOT is a non-aromatic com-
pound that assumes a tub shape at equilibrium and undergoes
inversion in solution by overcoming an energy barrier of 51 kJ
mol™.*** This property gives PLAs based on the dbCOT
framework a certain degree of flexibility. In addition, the
dbCOT system can be converted by a two-electron reduction or

6,20,24,39
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oxidation into Hiickel aromatic compounds with planar
structure.”®>® Additionally, a Baird aromatic compound
(Baird’s rule: triplet molecules with [4n] electrons in a cyclic
planar through-conjugated system are particularly stable)*">>
can be generated by excitation of dbCOT-containing com-
pounds, which are also planar until they revert to the ground
state and return to the tub shape.>®™>> We expect that dbCOT
frameworks will provide access to PLAs with a switchable
orientation of the Lewis acid functions.

Drover et al. presented an octadentate PLA comprising a
nickel atom as a redox-active site, which forms a B-N coordi-
nation polymer upon reaction with 4,4"-bipyridine.*® These
polymers have potential applications as functional materials,
including electrical conductivity, magnetism, and optical
applications.”**®® This could also be possible with the
dbCOT system but without the use of transition metals.

Here we report the synthesis of dibenzocyclooctatetraene-
based PLAs and investigate their general reactivity towards
various bases. In addition to multidentate phosphanes and
N-heterocycles, we also use commonly known biomolecules,
such as caffeine, theobromine, nicotine and y-butyrolactone in
the complexation experiments.

Results and discussion
Synthesis of the poly-Lewis acids

The dibenzocyclooctatetraene (dbCOT) backbone was prepared
via the one-pot reaction protocol reported by Saito et al.>® start-
ing from 1,2-dibromo-4,5-bis(dibromomethyl)benzene (1)
(Scheme 1). Next, the bromo substituents were replaced with
trimethylsilyl-protected alkynyl spacers via a Sonogashira-

Hagihara coupling to give [Me;SiCC],-dbCOT (3) after six days

{m

DMF
reflux, 18h
——SiMes
Pd(PPhs),Cl,, PPh,
Cul, EtN, 100 °C, 6 d
oly-Lewis acids

I,__,’_’__Y .............. , R= $—=—SiMe; 3

E ~ c E HiCy aq. KOH

'R %——//_ 26— THE, 1t, 16 h

i E ——Rr= 5 ——H 4

'R- 3_//—AIBlsz 7 HAIBis,

E ! Me,NSnMe;

' E oE toluene, 4 d

' i t

R- g=—rm, 8 O

: : R= §—==—SnMe; 5

i | HAIBi

PR= 3 AlBis, 9 <2

Scheme 1 Synthesis of the four dibenzocyclooctatetraene PLAs 6-9
starting from hexabrominated xylene 1. The colour coding of the B and
Al atoms used is consistent with the coding in the solid-state structures.
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in 43% yield. In this coupling, an addition of triphenylpho-
sphane to the reaction mixture turned out to be beneficial in
ensuring complete conversion. One potential explanation for
this observation is the coordinating effect of the dbCOT
system towards Pd,*® which may interfere with the reaction
process. The added phosphane coordinates stronger than the
dbCOT system, and therefore partially suppresses the for-
mation of Pd-dbCOT species. Reduced or no addition of phos-
phane afforded the double-alkynylated systems as the main
products after 15 days.

The deprotection of the trimethylalkynyl units using potass-
ium hydroxide resulted in the formation of the free tetraalkyne
4 with a yield of 90%. In hydrometallation reactions, [HCC],-
dbCOT (4) can be converted into tetradentate PLAs with flex-
ible vinyl spacers. To obtain PLAs with more rigid alkynyl
spacers, we employed the frequently used route via tin element
exchange. The [Me;SnCC],-dbCOT (5) required for this
exchange was generated by the quantitative reaction of 4 with
dimethylaminotrimethylstannane under amine elimination.
Single crystals of each of the PLA precursors 1-5 were
obtained, which were suitable for determining the solid-state
structures by X-ray diffraction (for 1-3 see ESI $168—S1707%). In
the solid state, the structures of 4 and 5 (Fig. 1) show bond

Fig.1 Molecular structures of 4 and 5 in the crystalline state.
Displacement ellipsoids drawn at 40% probability level. Minor occupied
disordered atoms and H atoms are omitted for clarity. Selected distances
[A] and angles [°]: 4: C(8)-C(7) 1.324(7), C(7)-C(4) 1.474(7), C(4)-C(5)
1.395(7), C(4)-C(3) 1.408(7), C(3)-C(2) 1.392(7), C(2)-C(1) 1.407(7), C(1)-
C(9) 1.435(7), C(9)-C(10) 1.184(8), C(8)-C(7)-C(4) 130.7(5), C(7)-C(4)-C
(3) 116.2(4), C(2)-C(1)-C(9) 121.1(5), C(1)-C(9)-C(10) 179.3(6), 6 37.3(1),
symmetry code: 1 — x, -y, +z; 5: C(6)-C(5) 1.327(3), C(5)-C(4) 1.480(3),
C(4)-C(15) 1.406(3), C(1)-C(17) 1.440(3), C(17)-C(18) 1.203(3), C(18)-Sn
(1) 2.113(2), C(6)-C(5)-C(4) 127.5(2), C(1)-C(17)-C(18) 176.4(2), C(17)-C
(18)-Sn(1) 171.6(2), 6 43.2(1)/43.7(1). The illustration in the bottom right-
hand corner provides an illustration of the meaning of the bending
angle 6.

This journal is © the Partner Organisations 2025
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lengths and angles within the typical range for such com-
pounds, with the greatest variance observed in the bending
angle (0), defined as the angle between the base surface and
the side wings of the dbCOT unit (Fig. 1). The angle is largely
dependent on steric and packing effects. The tetraalkyne 4 has
a relatively small bending angle of 37.3(1)° which might be
due to attractive intermolecular dispersion interactions
between the tetraalkynes 4 in the crystal which contains
stacks of molecules by their aryl surfaces. In contrast, the
molecules of 5 show no such stacking and the bend angles of
5 (0 = 43.2(1) resp. 43.7(1)°) are comparable to the angle of
unsubstituted dbCOT (0 = 43.5(1)°).*® The conversion of tetra-
alkyne 4 into the vinyl-containing PLAs [Cy,BCHCH],-dbCOT
(6) and [Bis,AICHCH],-dbCOT (7) was achieved in quantitative
hydrometallation reactions using dicyclohexylborane (HBCy,)
or bis-(bis(trimethylsilyl)methyl)alane (HAIBis,) (Scheme 1). A
crystal of the free PLA 6 suitable for X-ray diffraction showed
three molecules in the asymmetric unit (Fig. 2). The bending
angles of the three [Cy,BCHCH],-dbCOT (6) molecules are
between 46.3(2) and 48.6(2)°. The distance between the boron
atoms bound to one of the side wings (binding pocket 4) is
6.276(5)-7.052(4) A, whereas the distance across the cavity
between the two different side wings (binding pocket B) is
9.360(4)-10.849(5) A (Fig. 2). The cavity spanned by the diag-
onal Lewis acid functions (binding pocket C) is 11.800(4)-
12.602(6) A in size. This gives a first impression of the size and

Fig. 2 Molecular structure of [Cy,BCHCH],4-dbCOT 6 in the crystalline
state. Displacement ellipsoids drawn at the 40% probability level. For
reasons of clarity, only one of the three molecular structures is shown,
minor occupied disordered atoms and H atoms are omitted and the
carbon atoms of the cyclohexyl groups are only shown as spheres. The
different binding pockets A, B and C which are spanned by the boron
units are marked with dashed coloured lines (red: binding pocket A,
blue: binding pocket B, purple: binding pocket C). Selected distances [A]
and angles [°]: B(1)---B(2) 6.953(4), B(3)---B(4) 6.342(5), B(1)---B(4) 9.360
(4), B(3)---B(2) 10.530(4), B(2)---B(4) 12.069(5), B(1)---B(3) 11.800(4),
C(13)-C(14) 1.337(4), C(14)-C(15) 1.484(3), C(15)-C(4) 1.407(3), C(4)-C
(3) 1.401(3), C(3)-C(2) 1.391(4), C(2)-C(31) 1.475(4), C(31)-C(32) 1.345(4),
C(32)-B(2) 1.564(4), C(13)-C(14)-C(15) 124.5(2), C(15)-C(4)-C(3) 118.4
(2), C(2)-C(31)-C(32) 127.1(2), C(31)-C(32)-B(2) 123.3(3), C(32)-B(2)-C
(33) 119.6(2), 0 46.3(2)/48.6(2).
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flexibility of the binding pockets in which different basic mole-
cules can be complexed.

More rigid PLAs with alkynyl groups linking the Lewis acid
functions to the dbCOT skeleton were synthesised via tin
element exchange reactions starting from 5. The exchange
using CIBEt, and HAIBis, proceeded without side reactions
and afforded 8 and 9 in excellent yields (Scheme 1, HAIBis, is
preferred over ClAIBis,, as it reacts more cleanly and is easier
accessible). The reaction with CIBCy, gave access to a system
with four -C=C-BCy, units (related to the -CH=CH-BCy,
units in the vinyl system 6), however, in a less clean way and
with non-separable decomposition products than the reaction
with CIBEt,. Therefore, the ethyl substituents were used
instead of the cyclohexyl substituents despite the more limited
comparability of the systems 6 and 8. Other exchange reactions
were also investigated in more detail as part of this study (see
ESIY).

Insights into the Lewis acidity of the PLAs

The prepared PLAs 6-9 were reacted with a range of monoden-
tate neutral guests containing basic C, N, P or O atoms. For
these studies, the PLAs were reacted with an excess of the
respective base in C¢Ds and analysed by NMR spectroscopy. In
addition, the resulting mixture was stripped of all volatile com-
ponents in a vacuum, dissolved and analysed again by NMR
spectroscopy. This showed that some of the interactions are so
weak that the Lewis base (LB) can be removed under reduced
pressure despite interacting with the PLAs, while in other
cases exactly four equivalents of the base remain in the
mixture, indicating a stronger interaction.

As shown in previous work,’”°! the Lewis acidity of a com-
pound and the interaction between LA and LB depend on a
variety of parameters (atom type, Hard and Soft Acids and
Bases concept (HSAB), steric requirements, reorganisation
energy, London dispersion attraction, Pauli repulsion,
etc.).®*®® Furthermore, established spectroscopic test methods
such as the Childs®* or Gutmann-Beckett®>®® tests only allow
a valid classification of LAs of the same type (e.g. arylbor-
anes®’) and only consider the interaction of the LAs with the
LB used for the test, which usually contain oxygen.

To estimate the extent to which the PLAs 6-9 interact with
LBs, different combinations were analysed by NMR spectro-
scopy and the strength of the interaction was determined
from the shifts of the base signals relative to those of the free
base as well as the shift of the "'B NMR signal of PLA 8 and
the corresponding adducts 8-4LB. This allowed a semi-quanti-
tative classification of the interactions between LB and LA,
below referred to as effective Lewis acidity (eLA), following the
work of Greb et al.®® The eLAs were determined by first ranking
the interaction of PLA 8 with all tested monodentate LB based
on the shift of the ''B resonance of the 8-4LB adducts relative
to the shift of 8. These rankings resulted in ratios or factors
for the different strengths of the interaction. In the second
step, the shifts of selected base signals depending on the inter-
action with the different PLAs 6-9 were analysed. Again, a
sorting was applied from the weakest to the strongest shift

Inorg. Chem. Front,, 2025, 12, 4091-4105 | 4093
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relative to the signal of the free LB. The resulting relative shifts
for a specific LB were then set in relation to the shift deter-
mined in the first step, so that a comparison between the
different series was possible (for more details and illustrations
see ESIT). In this way we obtained the semi-quantitative classi-
fication of the different interactions shown in Fig. 3. A relative
eLA of 0 means that no interaction was observed by NMR
spectroscopy.

The coloured areas are based on empirical observations. In
the yellow area, the interaction is weak, as indicated by the
small shifts of the observed NMR signals, and the bases can
be completely removed under reduced pressure. In the orange
and red areas, on the other hand, exactly four equivalents of
the LB are found after heating to 60 °C under reduced pressure
followed by dissolving the residue. In the red area, the shifts
are the strongest. When there is an excess of base, it is usually
possible to distinguish between the bound and free base by
two separate sets of NMR signals. This indicates strong adduct
formation which does not allow the free and bound molecules
to exchange in solution at room temperature on the time scale
of the NMR measurement. For comparison, the orange region
shows interactions where no distinction can be made between
free and bound base, as rapid exchange occurs in solution due
to the weaker interaction.

This study shows that the PLAs 7-9 interact strongly with
the strong LB ‘BuNC, resulting in comparatively high elLA,
while decomposition occurs with 6. Furthermore, the alkynyl-
containing PLAs 8 and 9 show higher eLA with the nitrogen LB
than the vinyl-containing PLAs (6 and 7). It is also evident that
the interactions between 9 and the nitrogen LB are the stron-
gest of all the interactions analysed. It could also be seen that
there are preferred pairings between the interacting units. For
example, the aluminium atoms are more oxophilic than the
boron atoms and therefore the Al-containing PLAs 7 and 9

BC AlBis, §_— — .
~BCy, , $~=BEt, $-—_AlBis
7 oa ° 7 1a 28 sm E9- :
@ O
SN=C

N

I e

=

NMe3 A

Am

—
0

relative eLA

Fig. 3 Semiquantitative classification of the relative effective Lewis
acidity (eLA) between the PLAs and the tested monodentate bases. 6
decomposed during the reaction with ‘BuNC, therefore this interaction
could not be ranked.
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interact more strongly with THF and Et;PO than the boron-
containing PLAs 6 and 8, which is reflected in a higher eLA. In
contrast, the B-P interaction is more favourable than the Al-P
interaction. It is also generally true that 6 has the weakest
interaction with all bases except PMe;, which is an indication
of the low Lewis acidity of the CH=CHBCy, unit. In general,
the PLAs with alkynyl spacers, 8 and 9, show a stronger inter-
action with the respective base than their counterparts 6 and 7
with their vinyl spacers. This implies a higher Lewis acidity of
the Lewis acidic units induced by the alkyne spacer.

This experimental trend was also confirmed by calculated
ion affinities (Table 1) of models representing the individual
LA functions contained in the PLAs. The hydride (HIA) and
fluoride ion affinities (FIA) of the model compounds
PhCHCHBCy,, PhCCBCy,, PhCHCHAIBis, and PhCCAIBis,
were calculated using established methods®®® and allow the
analysis of the intrinsic Lewis acidities (iLA).°* The calculated
values also show an increased acidity of the alkynyl systems
compared to the vinyl systems. Furthermore, the AlBis, con-
taining systems have higher ion affinities than the BCy, con-
taining systems. Note that the ionic affinities of PhCCBCy,
were calculated instead of the PhCCBEt, units used to improve
the comparability of the calculated values. The apparently
higher Lewis acidity of the alkynyl-containing systems can be
explained by the higher group electronegativity of the alkynyl
compared to the vinyl group,’® but other effects such as lower
repulsion or reorganisation energy during adduct formation
may also play a role for the eLA. In some cases, the reactivity
studies with the monodentate guests yielded single crystals
suitable for structure determination by X-ray diffraction. All
solid state structures are in agreement with the NMR spectro-
scopic results and show the formation of 1:4 adducts (host:
guest). The bond lengths and angles of 6-4PMe;, 7-4Py, 9-4Py
and 9-4PMe; (see below) are in the typical range for such com-
pounds as well as for the structures of 7-4THF, 7-4CNt¢Bu,
7-40PEt;, 8-4PMe;, 8-4NMe; and 9-40PEt;, which are
described in the ESI (Fig. S171-S1761).

Interaction of the PLAs with multidentate Lewis-bases

The PLAs were reacted with multidentate LB (Schemes 2-4) to
investigate the complexation behaviour of the PLAs in more
detail. The NMR spectroscopic studies are consistent with the
eLA study described above, so that the shift of the NMR signals
after complexation of multidentate LB is comparable to the
shifts occupied by the complexation of comparable monoden-

Table 1 Calculated hydride (HIA) and fluoride ion affinity (FIA) for the

Lewis acid units. Method used: PBEh-3c/def2-mSVP//
DSD-BLYP-GD3BJ/def2-QZVPP

Lewis acid function HIA/KJ mol™* FIA/K] mol™*
PhCHCHBCy, 307 308
PhCCBCy, 323 314
PhCHCHAIBis, 347 434
PhCCAIBis, 355 439

This journal is © the Partner Organisations 2025
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Scheme 2 Complexation of the (multidentate) phosphanes: PMes,
BisPhos and Bis[BisPhos] by the PLAs 6-9.

tate LB. In addition, some of the adducts formed were ana-
lysed by single crystal X-ray diffraction experiments as well as
in solution by diffusion ordered spectroscopy.

Interaction of the PLAs with multidentate phosphanes

Based on the determined eLA of 6 with PMe;, this PLA was
reacted with bi- (BisPhos) and tetradentate (Bis[BisPhos]) phos-
phane bases (Scheme 2). NMR spectra show the reaction of 6
with BisPhos to afford an adduct and are consistent with the
shifts of the related 6-4PMe;. However, the interaction with
BisPhos results in a slightly stronger shift of the "B resonance
(6-4PMe;: AS(*'B) = 6(*'B)g — 6(*'B)adduct = 83 ppm, 6-2BisPhos:
A5(*'B) = 88 ppm) and *'P signals (6-4PMez: AS(*'P) = 43 ppm,
6-2BisPhos: AS(*'P) = 46 ppm), indicating a stronger interaction.

In contrast, the reaction with the ethyl-bridged BisPhos
dimer (Bis[BisPhos]) resulted in a non-selective adduct for-
mation and an adduct mixture, observed by several sets of
signals. The determined solid state structures of 6-4PMe; and
the BisPhos adduct [6-2BisPhos], are shown in Fig. 4. 6-4PMe;
shows the B:P adduct in the ratio 1:1. As expected, BisPhos
acts as a bridge between the boron atoms, but surprisingly
both intramolecularly in the long binding pocket B (Fig. 2) and
intermolecularly. In [6-2BisPhos], a 2:4 adduct has formed
between 6 and BisPhos in the solid state, with two BisPhos
units being chelated and two BisPhos units bridging connect-
ing two such [6-BisPhos] units. The bond lengths and angles
of the dbCOT unit are comparable to those of the free PLA 6,
although the bending angles in 6-4PMe; (42.7(2)° and 42.9(2)°)
are smaller than in 6 (46.3(2)° and 48.6(2)°), whereas
the dimer [6-2BisPhos], has comparable bending angles of
46.6(1)° and 48.3(1)°. This is due to the additional repulsion
caused by the complexed PMe; molecules pointing into the
cavity. This repulsion also leads to larger B---B distances in the
binding pocket A and results from the flexible vinyl units

This journal is © the Partner Organisations 2025
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Fig. 4 Molecular structure of 6-4PMes and [6-2BisPhos]; in the crystal-
line state. Displacement ellipsoids drawn at 40% probability level. For
reasons of clarity, minor occupied disordered atoms and H atoms are
omitted and the carbon atoms of the cyclohexyl groups are only shown
as spheres or are omitted. Selected distances [A] and angles [°]:
6:4PMejz: B(1)---B(3) 12.795(5), B(4)---B(2) 13.090(5), B(1)---B(2) 10.689(2),
B(3)---B(4) 10.680(2), B(1)---B(4) 7.380(2), B(3)---B(2) 7.234(1), B(1)-P(1A)
2.076(10), B(2)-P(2) 2.003(3), B(3)-P(3) 2.000(4), B(4)-P(4) 2.002(3),
B(1)-C(18) 1.607(5), C(17)-C(18) 1.324(5), C(1)-C(17) 1.468(4), C(1)-C
(17)-C(18) 127.5(3), C(17)-C(18)-B(1) 131.9(3), C(18)-B(1)-P(1A) 101.9(3),
0 42.7(2)/42.9(2); [6-2BisPhos],: B(1)---B(3) 11.594(3), B(2)---B(4) 12.405(3),
B(1)---B(2) 9.193(3), B(3)---B(4) 9.957(13), B(1)---B(4) 7.404(3), B(3)---B(2)
7.155(3), P(1)---P(2) 6.371(1), P(3)---P(4) 5.140(1), B(1)-P(1) 2.034(2), B(2)-P
(2) 2.046(2), B(3)-P(3) 2.029(2), B(4)-P(4) 2.034(2), B(1)-C(18) 1.617(3),
C(17)-C(18) 1.335(3), C(1)-C(17) 1.482(2), P(1)-C(75) 1.823(2), C(75)-Si
(1A) 1.894(2), Si(1A)-C(78) 1.900(2), P(3)-C(83) 1.812(2), C(83)-Si(2)
1.894(2), Si(2)-C(86) 1.896(2), C(1)-C(17)-C(18) 125.5(3), C(17)-C(18)-B
(1) 129.7(2), C(18)-B(1)-P(1) 96.9(1), Si(1A)-C(75)-P(1) 123.9(1), C(78)-Si
(1A)-C(75) 102.3(1), P(3)-C(83)-Si(2) 124.9(1), C(83)-Si(2)-C(86)114.7(1),
0 46.6(1)/48.3(1), symmetry code: 1 —x,1 -y, 1 -z.

being aligned as far apart as possible. In comparison,
[6-2BisPhos],, with its flexible vinyl spacer, allows to bring B(1)
and B(2) closer together (9.193(3) A) and can thus complex a
BisPhos molecule in the binding pocket B. The distance in C
(11.594(3)-12.405(3) A) also seems far too large to be bridged
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by BisPhos. The BisPhos molecule also adapts to cavity B due
to its flexibility: BisPhos in binding pocket B has a stretched
P(1)---P(2) distance of 6.371(1) A, while the connecting BisPhos
has a P(3)---P(4) distance of 5.140(1) A. This demonstrates the
affinity of both molecules, PLA and LB, to form the 2:4
adduct.

To investigate whether the dimer was already formed in solu-
tion or only during crystallisation, a CDCl; solution of 6 with
two equivalents of BisPhos was studied by diffusion ordered
spectroscopy (DOSY). From the measured diffusion coefficients,
we calculated the hydrodynamic radii and the hydrodynamic
volumes (V) of the individual components and the adduct
formed (Table 2). They allow us to specify the stoichiometry of
the adduct and whether one or more different adducts have
been formed. The DOSY measurements indicate that the dimer
[6-2BisPhos], is already present in solution and that neither a
1:2 adduct nor larger oligomers have been formed. The Vy
determined for [6-2BisPhos], is equal to the sum of the volumes
of the individual compounds (2-Viz,6 + 4-Vi isphos = 5904 A%*) and
also agrees with the volume determined from the solid state
structure (Vxrp). This result suggests that the formation of a 1:2
adduct with both BisPhos complexed in B is unfavourable due to
the repulsion between the SiMe, units. In contrast, the for-
mation of the dimer appears to be favoured over the complexa-
tion of the two LBs in A to form a 1: 2 adduct.

From the NMR spectroscopic investigations we can con-
clude that PLA 8 interacts with PMe; and BisPhos under for-
mation of the adducts 8-4PMe; and 8-2BisPhos but forms an
adduct mixture with Bis[BisPhos].

For 8-4PMe; and 8-2BisPhos there is only one characteristi-
cally shifted signal in the *'P and "'B NMR spectra. In contrast,
the reaction with Bis[BisPhos] gives a mixture of products that
shows many partially overlapping signals in the NMR spectra.
These signals are in the same chemical shift range as the
signals of the other two adducts, indicating the formation of a
mixture of different adducts.

8-4PMe; was analysed by X-ray diffraction experiments (ESI
S1747), but it was not possible to obtain suitable single crystals
of 8:2BisPhos, so it is not possible to say with any certainty
whether the BisPhos is complexed in the A or in B cavity of the
host. However, due to the large B---B distances in the pocket B
(12.145(11) A and 11.969(11) A) compared to the distance in 4
(6.269(11) A and 6.643(11) A) in 8-4PMe;, the complexation of
BisPhos by 8 in binding pocket B seems unlikely. We assume
that BisPhos is complexed in binding pocket A, analogous to
the aluminium homologue 9-2BisPhos described below.

Table 2 Comparison between the calculated van der Waals volumes
(Vygw), the hydrodynamic volumes (V) determined from the DOSY
measurements, and the volumes (Vyrp) determined from the solid state
structures of BisPhos, 6 and [6-2BisPhos],

Compound Voaw/A® Vil A® Vyrp/A®
BisPhos 257 262 —

6 1401 2428 1655
[6-2BisPhos], 3783 5858 5541
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Despite the relatively weak interaction of the Al-PLAs (7, 9)
with PMe;, they were also reacted with BisPhos and Bis
[BisPhos]. In these experiments, 7 shows very weak to no inter-
action with the tested phosphanes, which is expressed in very
small to no shifts of the 'H, >°Si and *'P NMR signals com-
pared to the signals of the individual components. These
small shifts indicate that the reaction equilibrium is tilted
towards the free species rather than the adduct. It was not
possible to obtain crystals suitable for solid-state structure
determination from these mixtures.

The phosphanes interacted preferentially with the stron-
ger PLA 9, but the extremely broadened signals in the *'P
and '"H NMR spectra (see ESI S$105-S114f) indicated a
highly dynamic behaviour. Nevertheless, the adducts
9-2BisPhos and [9-Bis[BisPhos]], crystallised from the solu-
tions (Fig. 5). The complexation of the BisPhos molecules in
cavity A is consistent with a known BisPhos adduct'® and
comparable in terms of bond lengths and angles. The for-
mation of a polymer chain through the interaction with Bis
[BisPhos] could be attributed to the highly dynamic behav-
iour in solution, whereby the uniform coordination polymer
can build up in solution until it crystallises. The fact that
two of the phosphorus atoms of Bis[BisPhos] are attached
intermolecularly, forming a polymer chain instead of a 1:1
adduct, could be due to a too short distance between the P
atoms in the guest molecules. The intramolecular Al---Al dis-
tance between the opposing aluminium atoms is 10.884(1)/
11.000(1) A and the intermolecular distance (bridged by
Bis[BisPhos]) is 9.986(1)/10.082(1) A. Furthermore, the
bending angles of [9-Bis[BisPhos]], of 46.7(1)° and 46.1(1)°
are already wider than in the other adducts (9-4PMej:
43.7(2)°, 9-2BisPhos: 43.4(2)° and 42.9(2)°), which therefore
also have larger Al---Al distances. This finding could indi-
cate that further folding of the system, which reduces the
Al---Al distance and increases the bending angle, appears to
be less energetically favourable than the formation of a
polymer.

The complexation experiments carried out with phos-
phanes show that the boron-containing PLAs 6 and 8 inter-
act stronger with the phosphorus atoms than the Al-con-
taining PLAs 7 and 9. Furthermore, when comparing the
interactions of the two Al-containing PLAs with the LBs, it
is apparent that stronger interactions occur due to the
alkyne functions rather than the vinyl functions and this is
in line with the reactivity study described above. In
addition, the solid state structures obtained show that
BisPhos and Bis[BisPhos] are chelated in the rigid binding
pocket A of 9.

Interaction of the PLAs with multidentate N-heterocycle
ligands

Due to the high eLA of all PLA towards pyridine (Py), bidentate
N-heterocyclic LBs of different sizes, bisimidazolylmethane
(N-1), bistriazolylethane (N-2) and bistriazolylbutane (N-4)
(Scheme 3) were used to investigate the complexation modes
concerning the different binding pockets. To find out what

This journal is © the Partner Organisations 2025
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9-2BisPhos

[9-Bis[BisPhos]],

Fig. 5 Molecular structure of 9-4PMes, 9-2BisPhos and a section from the polymer [9-Bis[BisPhos]], in the crystalline state. Displacement ellipsoids
drawn at 40% probability level. Minor occupied disordered atoms, methyl groups and H atoms are omitted for clearly. Selected distances [A] and
angles [°]: 9-4PMez: Al(1)---Al(1') 14.034(3), Al(2)---Al(2') 14.034(3), Al(1)---Al(2) 8.127(2), Al(1)---Al(2') 11.386(2), Al(1)-P(1A) 2.485(2), Al(2)-P(2) 2.528(2),
Al(2)-C(26) 1.972(5), C(26)-C(25) 1.208(6), C(25)-C(8) 1.440(6), C(8)-C(25)-C(26) 171.6(4), C(25)-C(26)-Al(2) 168.8(4), C(26)-Al(2)-P(2) 88.3(1),
0 43.7(1), symmetry code: 1/2 — x, 3/2 — y, +z; 9-2BisPhos: Al(1)---Al(3) 14.162(1), Al(2)---Al(4) 13.343(1), Al(1)---Al(2) 11.217(1), Al(3)---Al(4) 11.176(1),
Al(1)---Al(4) 8.084(1), Al(2)---Al(3) 7.916(1), P(1)---P(2) 5.696(1), P(3)---P(4) 5.776(1), Al(1)-P(1) 2.527(1), Al(2)-P(3) 2.540(1), Al(3)-P(4) 2.509(1), Al(4)-P(2)
2.495(1), Al(1)-C(18) 1.975(3), C(18)-C(17) 1.212(4), C(17)-C(1) 1.444(3), P(1)-C(83) 1.817(3), C(83)-Si(17) 1.889(3), Si(17)-C(86) 1.890, C(86)-P(2)
1.813(3), C(1)-C(17)-C(18) 169.3(3), C(17)-C(18)-Al(1) 176.6(2), C(18)-Al(1)-P(1) 95.6(1), P(1)-C(83)-Si(17) 124.2(2), C(83)-Si(17)-C(86) 103.4(1),
0 42.9(2)/43.4(2); [9-Bis[BisPhos]],: Al(1)---Al(2) 7.691(1), Al(3)---Al(4) 7.983(1), Al(1)---Al(4) 11.000(1), Al(2)---Al(3) 10.884(1), Al(1)---Al(2") 10.082(1), Al(3)---Al(4)
9.986(1), P(1)---P(2) 5.467(1), P(3)---P(4) 5.498(1), P(3)---P(4’) 8.256(1), P(1)---P(2') 8.204(1), Al(1)-P(1) 2.497(1), Al(2)-P(2) 2.518(1), Al(3)-P(3) 2.512(1),
Al(4)-P(4) 2.508(1), C(9)-C(49) 1.439(2), C(49)-C(50) 1.213(2), C(50)-Al(3) 1.971(2), C(9)-C(49)-C(50) 168.6(2), C(49)-C(50)-Al(3) 169.2(1), C(50)-Al(3)-

P(3) 91.2(1), 0 46.0(1)/46.6(1), symmetry codes: ' —x,1 -y, 1-z "1 - x,2 -y, —z.

size a guest must have to be complexed via the cavity (binding
pocket B), similar to [6-2BisPhos],, and whether it is possible
to complex two such N-LBs in this binding pocket.

NMR studies show that 6 reacts selectively with pyridine to
form the 6-4Py adduct. A mixture of different adducts is formed
with the multidentate nitrogen bases N-1, N-2 and N-4. The
interaction can be seen from the ''B NMR signal, which under-
goes a high field shift after the addition of the N-heterocyclic
ligands. The signal is now at chemical shifts comparable to
those of 6-4Py, indicating tetra- coordination at the boron
atoms. However, there is a strong broadening of the signal and
also several broad, partially overlapping signals in the "H NMR
spectra, making the formation of an adduct mixture realistic.
The more rigid boron containing PLA 8 reacted similarly with
N-1 and N-4, forming an adduct mixture. However, the reaction
with N-2 did not lead to the formation of a mixture, so the 'H
NMR spectra show a shifted signal set for 8 and N-2, indicating
the formation of a specific adduct. As no crystals suitable for
X-ray diffraction measurements could be obtained, it is not

This journal is © the Partner Organisations 2025

possible to determine the connectivity within the adduct in the
solid-state and to decide in which binding pocket N-2 is bound
and whether it is a monomeric or oligomeric species. However,
a potential explanation for this observation is that N-2 has an
appropriate B---B distance for one of the two binding pockets
(8-4PMe;f: A 6.295(11)/6.643(11), B 11.969(11)/12.147(11) A;
84NMe;t: A 6.020(7)/6.585(4), B 12.646(4)/12.564(9) A). We
suggest that N-1 has an insufficient distance between the nitro-
gen domains to be captured in a chelating manner in one of
the cavities. Similarly, N-4 is too large for A but too small for B,
whereas N-2 is likely to fit well within cavity 4 in terms of size.
This could explain the formation of adduct mixtures using N-1
and N-4.

In preliminary test reactions, the aluminium-containing
PLAs (7, 9) formed distinct adducts with the multidentate
N-heterocycle ligands that crystallised rapidly from CgDe.
Therefore, preparative scale complexation reactions were
carried out in polar solvents (o-difluorobenzene, THF) and
these solvents were also used for spectroscopic analysis after

Inorg. Chem. Front., 2025, 12, 4091-4105 | 4097
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6: adduct mix
7-2N-1
8: adduct mix
9-2N-1

6: adduct mix
7°2N-2
8-2N-2
9-2N-2
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R= $—=—DE;, 8
6: adduct mix
7-2N-4

8: adduct mix
[9-2N-4],

R= $—=——AlBis, 9

Scheme 3 Complexation of the (multidentate) N-heterocyclic ligands:
pyridine (Py), bisimidazolylmethane (N-1), bistriazolylethane (N-2) and
bistriazolylbutane (N-4) by the PLAs 6-9.

crystallisation. The formation of adducts in THF is in fact
exchange experiments, as two THF molecules are displaced for
each complexed nitrogen-LB. Furthermore, despite the pres-
ence of a large excess of THF, we observed no exchange of the
guest. This is due to the higher eLA of the pairs of the alu-
minium-PLAs and the nitrogen-LBs (see Fig. 1). In addition, a
chelate-like effect may also play a role in ensuring that the
bidentate LBs are not displaced by THF. The NMR spectro-
scopic studies show the expected significant shifts in each
case, and the signals of the free LB are also observed when an
excess of LB is used. The NMR spectra thus indicate the clean
formation of stable 1:2 adducts (7-2N-1, 7:2N-2, 7-2N-4,
9:2N-1, 9-2N-2). Only for the reaction of 9 with bistriazolylbu-
tane (N-4) the number of available signal sets suggest the for-
mation of an adduct in which the two base molecules are each
complexed in different ways or a mixture of different adducts
was formed (NMR spectra see ESI S128-5130%).

To verify whether the adducts are stable in solution at room
temperature and not subject to dynamic exchange, which is
already indicated by the presence of signal sets of the free base
when an excess is used, DOSY measurements were carried out.
Therefore, 7-4Py was analysed in the presence of an excess of
pyridine at 20 °C and at 50 °C in DOSY measurements. 7-4Py
was chosen as a model because 7 is the aluminium-PLA with
the lower Lewis acidity compared to 9, according to the above
study, and pyridine was chosen as a weaker base representative
of the imidazolyl and triazolyl units used in N-1, N-2 and N-4,
so that all the stronger interacting adducts reported below are
also expected to exist non-dissociated in solution. The DOSY
measurements show that 7-4Py is a stable adduct at room
temperature and even at 50 °C only a small exchange of the
complexed pyridines with the free ones can be observed (see
ESIY). It can therefore be assumed that all the solid-state struc-
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tures obtained in Fig. 6 correspond to the adducts present in
solution at room temperature. With the exception of 7-2N-1,
the binding pockets in which the nitrogen-LB were complexed
could be seen from the solid state structure determined by
X-ray diffraction of suitable single crystals (Fig. 6). The vinyl-
containing PLA 7 complexes all nitrogen-LB (N-1, N-2, N-4) in
its binding pocket A. Due to the vinyl units and the associated
flexibility, the binding pockets can vary in size and thus adapt
to the guest molecule. This results in different Al.--Al dis-
tances: the rather large base N-4 expands the binding pocket A
up to 8.332(5) A, whereas the adduct 7-2N-2 with the smaller
guest N-2 only shows a distance of 7.642(5)/7.669(5) A.

The rigid AI-PLA 9 binds N-1 and N-2 in the binding pocket
A, where by the solid-state structure of 9-2N-1 shows the for-
mation of a co-crystal with a third N-1 molecule located in the
cavity of the dbCOT unit. No interaction between the basic
units and the Lewis-acid units was observed. The third N-1 is
found as a non-coordinating molecule in the cavity and fills
the void that exists within the dbCOT unit. The Al.--Al distance
in A of the adducts with 9 shows no big variance in the com-
plexation of the bidentate bases due to the rigid alkyne spacer
(Table 3). Given its dimensions (d(N---N): 8.709(2) A), N-4 does
not appear to align with the rigid binding pocket 4, which can
be widened to a maximum of 8.084(1) A (9-2BisPhos) in the
solid-state structures determined. Therefore, N-4 is thus com-
plexed into the larger binding pocket B, but similar to
[6-2BisPhos],, only one of the two binding pockets is occupied.
The second N-4 molecule then forms a link between several
such units, thereby resulting in the formation of the AI-N
coordination polymer [9-2N-4],,. The complexation of the two
N-4 molecules in different ways results in the chemical inequi-
valence of the hydrogen atoms of the dbCOT system, thereby
generating three signals in the "H-NMR spectrum, in contrast
to the usual two of other systems. Moreover, the signal of the
NCH, group, which was a single signal before the interaction,
is now observed as four distinct signals. This finding is in
agreement with the results obtained from the solid-state struc-
ture analysis. Both PLAs 7 and 9 are widened by the interaction
with N-4, resulting in relatively small bending angles 0 in the
adducts (Table 3). For [9-2N-4],, this can be explained by the
fact that N-4 exerts a pushing force on PLA system 9 due to its
intermolecular complexation in binding pocket B. In all
adducts, the Al-N distances are almost identical and are a
maximum of 0.08 A above the sum of the covalent radii
(1.97 A).”* The results show that both PLAs facilitate the com-
plexation of bidentate LB in binding pocket A. Complexation
of a guest in cavity B was only observed for the combination of
9 and N-4. It may be reasonably expected that N-1 will also
complex in the binding pocket A of the two aluminium con-
taining PLS 7 and 9, due to the size and lower flexibility of N-1
compared to N-2 and N-4. Nevertheless, the more flexible and
slightly larger N-2 is capable of binding two aluminium atoms
with an Al---Al distance of 11.610(2) A, as evidenced by
2Bis,AlCI'N-2 (for more details see ESIT). As can be observed
from the distances listed in Table 3, N-2 tends to fit into cavity
B of 7 or 9. Moreover, the notable compression of N-4 to facili-
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Fig. 6 Molecular structure of 7-4Py, 9-4Py, 9:2N-1 with one N-1 as cocrystal, 7:2N-2, 9:2N-2, 7:2N-4 and a section from the polymer [9:2N-4], in
the crystalline state. Displacement ellipsoids drawn at 40% probability level. Minor occupied disordered atom sites, methyl groups and H atoms are

omitted for clarity.

Table 3 Distances [A] and angles [°] (min/max) of the solid-state structures of the adducts 7-4Py, 7:2N-2, 7-2N-4, 9-4Py, 9-2N-1, 9:2N-2, [9-2N-4],,,

N-2, 2Bis,AlCI:N-2 and N-4 shown in Fig. 6 and S177-5179.1 Wherein d(A[ALl---

Al]) is the distance of the two aluminium atoms of the two binding

pockets A; d(B[AL---Al]) is the distance of the two aluminium atoms of the two binding pockets B except 2Bis,AlCl-N-2 where the d(Al---Al) in the
adduct is meant; d(N---N) is the average of the intramolecular N---N distances of the with Al interacting N-atoms of the guest molecules

d(A[AL---Al])/A d(B[Al---Al])/A d(AI-N)/A d(N---N)/A o
7-4Py 7.923(1) 11.521(1) 2.010(3)/2.017(2) — 42.2(1)
7-2N-2 7.642(5)/7.669(5) 11.000(5)/11.218(5) 1.989(9)/2.051(12) 5.445(17)/5.519(14) 44.2(9)/45.5(7)
7-2N-4 7.987(5)/8.332(5) 11.402(7)/12.007(7) 1.973(10)/2.012(11) 5.811(15)/6.300(15) 39.5(9)/40.1(9)
9-4Py 7.625(1)/7.627(1) 11.451(1)/11.493(1) 2.012(2)/2.035(2) — 44.5(1)/44.8(1)
9:2N-1 7.213(1)/7.310(1) 11.822(1)/13.588(1) 1.974(3)/1.998(2) 5.392(3)/5.444(4) 41.6(2)/42.4(2)
9-2N-2 7.266(1) 11.282(1) 2.000(1)/2.009(1) 5.119(1) 44.8(1)
[9-2N-4], 7.240(2)/7.257(2) 13.107(2)/14.041(2) 1.984(5)/1.994(4) 8.848(8)/9.959(6) 34. 6(4)/34.7(5)
N-2 — — — 7.964(1)
2Bis,AICI:N-2 — 11.610(2) — 7.885(7) —
N-4 — — — 8.709(2) —

tate its positioning within pocket A in adduct 7-2N-4 is some-
what unexpected. However, complexation within pocket B of 7
represents a potential alternative that does not necessitate the
compression of N-4.

One potential explanation for observed preference for
bidentate Lewis-bases, whether nitrogen- or phosphorus-con-

This journal is © the Partner Organisations 2025

taining, to complex in pocket A, despite their size being com-
patible with pocket B, could be that the complexation of a
guest in B or in C would no longer allow the molecule to flap,
which is associated with a reduction in entropy.

Nevertheless, the [9-2N-4],, data indicate that when the
N---N distances are sufficiently large, binding pocket A is no
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longer the preferred location for complexation, and inter-
molecular linkages also occur with greater frequency.

Interaction with multidentate drug molecules

We have also studied the complexation of some drug mole-
cules (Scheme 4). These molecules typically possess multiple
base functions, thereby prompting the inquiry as to which of
the sites are preferred by the specific PLA. In addition, neuro-
transmitters interact with the receptors in the body in a com-
parable manner, subsequently triggering biochemical pro-
cesses, so broadly defined, these are also host-guest
interactions.

The drugs caffeine (Caff), theobromine and y-butyrolactone
(GBL) found in coffee,”” and nicotine (Nico) as component of
tobacco, were tested. GBL showed no interaction with the
boron PLAs 6 and 8, which is reflected in non-shifted signals
in the NMR spectra, and is consistent with previous results in
which both showed weak to no interactions with oxygen-con-
taining LBs (see Fig. 1). In contrast, the Al-PLAs 7 and 9
reacted with GBL, with 7 resulting in a non-selective reaction
leading to degradation of the PLA. In contrast, 9 selectively
formed a 1:4 adduct with GBL. This follows from the NMR
spectra which show a shift comparable to 9-4THF and
9-40PEt; and no further signals indicating decomposition.

The bidentate base nicotine, comprising a pyridine and a
pyrrolidine unit, may potentially form a 1:2 adduct analogous
to N-1 and N-2. However, the NMR spectra obtained show that
the reaction of the aluminium-containing PLAs 7 and 9 with
two equivalents of nicotine resulted in both cases in the for-
mation of adduct mixtures (1:1, 1:2, 1:3 and 1:4 adducts),
which were converted to defined 1:4 adducts by the addition
of two further equivalents. This shows that the interaction of
the aluminium-PLAs with the pyridyl moiety is strongly

Io) 6: no interaction
7: decompositon
8: no interaction

o)
/w" |9-4GBL
H/
N=— /N

Ni

RR
R R

_poly-Lews acids e,
: 1 0] / 7-4Nico
E R= // Cy, ¢ E 8: adduct mix
E E_/— H HN N \9‘4Nico
= ALY
0N N

(6: no interaction
7: decompose to 10 and 11
8: no interaction

;R* E—//—/\]Bls2 7 i

| Theobromine

(0]

i R= é = E;, 8 i - N/ \9: decompose to 10 and 4 )
{ ' N
e P W I
! — . g N 6: no interaction
P R= §—=—alBis, 9 i © T(‘aﬁ'eine (Caff) 7.2Caff
""""""""""""" 8-2Caff

|9-2Caff J

Scheme 4 Complexation of the drugs: y-butyrolactone (GBL), nicotine
(Nico), theobromine and caffeine (Caff) by the PLAs 6-9. R = —CCH (4),
—CHCHj, (11).
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favoured over the interaction with the pyrrolidine moiety so
that the aluminium-PLAs 7 and 9 seek saturation with nicotine
and form 1: 4 adducts.

In contrast, PLA 8, which exhibited comparable interactions
with NMe; and pyridine (Fig. 1), formed an insoluble solid
when two equivalents of nicotine were added. This solid was
not amenable to detailed analysis, and the supernatant liquid
contained neither nicotine nor 8. It was not possible to deter-
mine whether a polymer, a 1:2 adduct or a mixture of
different adducts was formed, but a polymer is most likely. As
6 did not interact with NMe; in the previous experiments, it
was not reacted with nicotine, as only the formation of a 1:4
adduct is possible anyway.

Further complexation experiments were conducted with
theobromine and caffeine, which represent more challenging
structures. These molecules possess multiple base functions,
and complexation experiments can therefore elucidate the pre-
ference for some over others. The weak PLA 6 showed no inter-
action with these xanthine derivatives and 8 showed only a
weak interaction with caffeine, as evidenced by a slight shift in
the PLA NMR signal (A5 "'B = 17 ppm).

In contrast, the aluminium-containing systems 7 and 9
exhibited a discernible interaction with both theobromine and
caffeine. However, the reactions with theobromine do not
result in its complexation, but in a selective substitution of the
AlBis, units of PLAs 7 and 9 by hydrogen, thereby forming the
tetravinyl- (11) or tetralkynyl-dbCOT (4), respectively. This
Bis,Al-hydrogen exchange is the result of the reaction between
the enol tautomer of theobromine and the aluminium-con-
taining PLAs 7 and 9. In both reactions, the acidic hydrogen
atom of theobromine is exchanged for Bis,Al, leading to the
formation of the Bis,Al-O-purine dimer 10 (Fig. 7) as a further
product, in addition to hydrocarbons 4 or 11. The obtained
solid-state structure of 10 shows the formation of a dimer with
a planar 12-membered ring (root mean square deviation
0.045 A). The Al-O distances of 1.811(1) A are in the range of
other comparable adducts (1.801-1.846 A),”® whereas the Al-O
distance of 1.788(1) A is notably short and lies below the sum
of the covalence radii of a Al-O single bond (1.89 A) but just
above those of a covalent Al=0 double bond (1.70 A).”* A com-
parison with theobromine also shows that the C-O bonds in
10 are 0.034/0.124 A longer and the bonds C(16)-N(1) and
C(15)-N(1) are 0.06/0.11 A shorter. This indicates the for-
mation of an aromatic pericyclic system in 10.”*

Caffeine contains a methyl group in place of the acidic
hydrogen atom in theobromine, which prevents it from
forming the aforementioned tautomer. The absence of a protic
function, prevents the cleavage of the Al-PLAs and conse-
quently adduct formation occurs with 7 and 9. The interaction
of caffeine with 7 appears to be dynamic in solution, such that
the use of an excess of the compound precludes the possibility
of distinguishing between free and bound caffeine in the NMR
spectra (ESI S1507).

In contrast, 9 reacts with caffeine to afford the 1:2 adduct
9-2Caff. The addition of only one equivalent of caffeine also
leads to 9-2Caff and leaves an equivalent amount of PLA free

This journal is © the Partner Organisations 2025
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Fig. 7 Molecular structure of 10 in the crystalline state. Only the structure
of the |1 isomer is shown as examples from the both (11, |1) isomers.
Displacement ellipsoids drawn at 40% probability level. Minor occupied
disordered atoms and methyl groups of the bis ligands are omitted for
clarity. Selected distances [A] and angles [°]: Al(1)-O(1) 1.811(1), O(1)-C(15)
1.285(2), C(15)-N(1) 1.332(2), N(1)-C(16) 1.331(2), C(16)-O(2) 1.279(2),
O(2)-Al(1) 1.788(1), O(2)-Al(1)-0O(1) 116.1(1), Al(1)-O(1)-C(15) 144.1(1),
O(1)-C(15)-N(1) 121.0(1), N(1)-C(16)-0(2) 121.2(1), C(16)-O(2)-Al(1)
158.3(1), symmetry code : 3/2 — x,1/2 -y, 3/2 — z.

in the solution, which can subsequently be converted to the
1:2 adduct by addition of further caffeine (Fig. 8). An excess of
caffeine shows no further interaction with the adduct 9-2Caff

/> i
())\N ‘ _L

AlBis;
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as detected by unshifted NMR signal of caffeine. The '"H NMR
spectra obtained of 9-2Caff shows splitting of the signals of
the PLA 9 into several signal sets, resulting from the complexa-
tion of the asymmetric base, which makes the hydrogen atoms
of the PLA chemically inequivalent. However, a 1:1 mixture of
two adduct types is formed, so that the two caffeine molecules
in the 1:2 adduct can be oriented either the same way (11) or
differently (11). This can be seen in the alignment of the N-
CH; groups. Therefore, signals 1 and 2 of dbCOT in the
"H-NMR spectrum, which were previously each represented by
a singlet in the spectrum of 9, split into two sets of signals.
This is due to the chemical inequivalence caused by the asym-
metric guest. Furthermore, the formation of a 1:1 mixture of
the two different isomers upon complexation results in a total
of four sets of signals for the dbCOT signals (signals 1 and 2
in Fig. 8) due to the positions of the N-CH; groups.

These different isomers were also found in crystal and
detected by X-ray diffraction; they are contained as disordered
and overlaid molecules in the same ratio in the same crystal
(Fig. 8). The caffeine molecule is complexed in the binding
pocket A of PLA 9, and the aluminium atoms of 9 approach
another by 6.845(6) A, which is the smallest distance deter-
mined so far for its adducts. The fact that the Al-O bonds are
longer than the sum of the covalence radii of 1.89 A (ref. 71) is
consistent with their dative character. However, their lengths
of 1.91 A are up to 0.13 A longer than those in 10 and
9-40PEt;T and this is probably due to the fixed distance
between the Al atoms in the binding pocket A due to the
alkynyl spacers, which prevent any further approach of the Al
atoms. These results show that 9 can selectively bind two

ﬁ(ﬂi

AlBisy

9/9-2Caff
1:1

]
9-2Caff

9-2Caff/ ex. Caff‘//MJL A AN “ Mu

74 7.2 6.4 6.2 4.8 3.4 3.2 3.0

& ("H) / ppm

Fig. 8 (a) Stacked section of the 'H-NMR spectra of 9, caffeine and 9

9:2Caff [11]

2Caff and mixtures of these compounds. For more details see ESI S158—-

$159.7 (b) Molecular structure of the 11 and |1 isomers of 9-:2Caff in the crystalline state. Displacement ellipsoids drawn at the 40% probability level.
The isomers are present in the crystal as superimposed disordered structures. For reasons of clarity, the isomers are shown as separate structures,

and methyl groups of bis and H atoms are omitted. Selected distances

[A] and angles [°]: Al(1A)---Al(1B) 6.844(1), Al(1A)-O(2) 1.912(1), Al(1B)-O(1)

1.917(1), C(1)-C(5) 1.436(4), C(5)-C(6) 1.215(4), C(6)-Al(1A) 1.928(6), C(6')—-Al(1B’) 2.014(7), O(2)-C(22) 1.260(10), C(22)-N(1) 1.382(11), N(1)-C(21)
1.379(11), C(21)-0(1) 1.263(11), C(21)-N(2) 1.330(12), C(1)-C(5)-C(6) 177.0(3), C(5)-C(6)-Al(1A) 176.7(3), C(5)-C(6')-Al(1B’) 168.3(3), C(6)-Al(1A)-O(2)
107.20(1), C(6')-Al(1B")-0O(1) 98.73(1), Al(1A)-(02)-C(22) 148.71(1), Al(1B)-O(1)-C(21) 142.04(1), C(22)-N(1)-C(21) 125.1(8), 6 43.0(1); binding pocket
B: for 11 Al(1A)---Al(1A") 12.734(10), Al(1B)---Al(1B) 12.213(1); for |1 Al(1A)---Al(1B’) 12.479(3).

This journal is © the Partner Organisations 2025

Inorg. Chem. Front., 2025, 12, 4091-4105 | 4101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi00823a

Open Access Article. Published on 26 March 2025. Downloaded on 12/5/2025 7:33:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

caffeine via their oxygen atoms due to the favourable orien-
tation of the aluminium atoms within the binding pocket A
and the high oxophilicity of aluminium. There is no inter-
action with any of the other basic positions, such as the very
Lewis basic imidazole function. Based on the previous reactiv-
ity study (Fig. 1), it is remarkable that no Al-N interaction is
observed. The study showed that 9 interacts particularly
strongly with nitrogen bases and should therefore interact
more strongly with nitrogen than with oxygen-containing func-
tions. However, the fact that the aluminium functions interact
preferentially with the oxygen atoms of caffeine is likely due to
their more suitable distance for chelate binding. Thus, the
orientation of the two O atoms allows the complexation of
caffeine by two Al functions, whereas the supposedly stronger
interaction with the imidazole nitrogen would not allow such
cooperative complexation of caffeine. Steric effects could make
the interaction with the nitrogen atoms of caffeine more
difficult.

This shows the complexity of the definition of Lewis acidity
of PLAs, which cannot be reduced to a sum of the individual
Lewis acid functions involved. At least when they interact with
multidentate bases, the cooperative effects between the Lewis
acid units seem to have a significant influence on the reactivity.

Conclusions

Based on dibenzocyclooctatetraene, a set of tetradentate PLAs
were synthesised and their reactivity towards a wide range of
bases was tested. Different reactivities of the PLAs were identi-
fied due to their different flexibility and Lewis acidity. The
boron PLAs 6 and 8 showed strong interactions with phos-
phane bases, resulting in the formation of stable adducts such
as [6-2BisPhos], with two kinds of BisPhos coordination: intra-
molecular and intermolecular concerning the PLA 6. DOSY
NMR experiments have shown this adduct to exist both in solu-
tion and the solid state. In contrast, the aluminium-containing
PLAs 7 and 9 interacted weakly with the phosphanes and
showed dynamic exchange in solution. Nevertheless, it was
possible to determine the structure in the solid state of the
adducts of PLA 9 with phosphanes. To our knowledge, [9-Bis
[BisPhos]], is the first Al-P coordination polymer whose solid-
state structure has been determined. In addition, the polymer
[9-2N-4], was prepared by reaction with bistriazolylbutane
(N-4) and analysed in the solid state. Moreover, two molecules
of caffeine were complexed over the two O atoms containing in
caffeine with the four Al-units of 9 to form the remarkably
stable adduct 9-2Caff, demonstrating the interaction of a PLA
with a biomolecule. This adduct, as well as the other adducts
obtained, demonstrates the cooperative interaction between
the Lewis acidic functions to complex the multidentate Lewis
bases. The complexation experiments performed also show a
preference for the complexation of bidentate guests in a way
that does not significantly restrict the flapping movement,
which may be due to the preservation of this degree of
freedom and thus to a gain in entropy.
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Due to the dibenzocyclooctatetraene units, this new class of
poly-Lewis acids and the coordination polymers have redox-
active, but also photochemically switchable units and can there-
fore be used as functional materials in the fields of electrical
conductivity, magnetism and optics. Investigations in this area
are currently being carried out in our laboratories and initial
experiments have shown that the PLAs are redox-switchable,
which is associated with a change in the orientation of the Lewis
acid functions, their mutual distance and their acidity.
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