Synergic Topological-

and Size-Control

on Phosphazane

Chemistry: First Unfolded Hybrid Tetrameric Macrocycle

Ying Sim,Bt Felix Leon,@T Rakesh Ganguly,2P! Jesus Diaz,l’* Jack K. Clegg,“* Felipe Garcial®*

[a] Dr. Y. Sim, Dr. F. Leon, Dr. R. Ganguly, and Dr. F. Garcia

School of Physical and Mathematical Science, Division of Chemistry and Biological Chemistry, Nanyang Technological University, 21 Nanyang Link

637371,
FGarcia@ntu.edu.sg

[b] Dr. R. Ganguly
Department of Chemistry,

Shiv Nadar University, NH91, Tehsil Dadri, Gautam Buddha Nagard, 201314 Uttar Pradesh, India

[c] Dr. J. Diaz

Departamento de Quimica Orgéanica e Inorganica, Facultad de Veterinaria, Universidad de Extremadura, Avda de la Universidad s/n, 10003, Spain.

jdal@unex.es
[d] Prof. Jack K. Clegg
School of Chemistry and Molecular Biosciences, Cooper Road,
The University of Queensland, St Lucia 4072, Queensland, Australia
j-clegg@uqg.edu.au

Abstract: Inorganic macrocycles remain as challenging synthetic
targets due to limited number of strategies reported for their syntheses.
Among these species, cyclodiphosphazane macrocycles have been
recently highlighted as promising candidates for supramolecular
chemistry. However, their further implementation has been
handicapped by the lack of synthetic routes to large high-order
cyclodiphosphazane macrocycles. In the case of hybrid organic-
inorganic macrocycles, their size and topological arrangement - folded
vs unfolded (i.e., exo/endo vs. exo/exo) — is determined by the
geometry of the linker used, which renders the synthesis of differently
sized and topologically arranged macrocycles into a tedious screening
process. In the particular case of asymmetric bifunctional organic
linkers, all previously reported species produce small dimeric
exo/endo macrocycles. Whereas symmetric linkers have shown to
give rise to a handful of larger than dimeric macrocycles, these
species display a folded topology as a result of the exo/endo
arrangement of the linkers within the backbone. However, rational and
simultaneous selection over their topology and size has never been
achieved. Herein, we report an unprecedented combination of pre-
arranged building blocks and a multi-step synthetic route to rationally
and simultaneously enable access to an unfolded tetrameric
macrocycle, which is not accessible using conventional synthetic
strategies. The obtained macrocycle, cis-[u-P(u-N'Bu)l2(u-p-
OC¢H4C(O)O)]4[u-P(u-N'Bu)]> (4), is the first unfolded open-face
hybrid cyclodiphosphazane macrocycle reported and displays a cavity
area of 110.1 A? - the largest of its kind.

Introduction
Organic macrocycles represent have been attractive synthetic
targets due to their numerous applications.*4 In this context,
cyclodiphosphazane-based inorganic macrocycles have drawn
attention due to both their promise in host guest chemistry and
anion sensing.®4 Cyclophosphazane species have been widely
explored over the past decades due to their chemical versatility,*%!
action as excellent neutral and/or anionic ligands for metal
coordination*¢-23 and building blocks for the construction of larger
molecules, as well as utility in biological applications and
supramolecular chemistry.[1213.24-32]
Depending on the nature of the bifunctional linkers employed,
their reaction with dichlorocyclodiphosphazane, [CIP(u-N'Bu)] (1),
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Figure 1. Schematic illustration of the traditional one-step and the herein
reported novel multi-step synthetic strategy.

yields differently-sized fully inorganic or hybrid macrocycles. In
this context, over the past two decades there has been
particularinterest in the area of hybrid P",N, macrocycles due to
their dual inorganic-organic nature.

Generally, the formation of hybrid cyclic derivatives are
performed in a one-step synthetic approach using an equimolar
amount of reactants (i.e., cyclophaphazane and organic linker) in
the presence of excess triethylamine.3381 The size of the
macrocyclic products formed (e.g., di-, tri- and tetrameric species)
however is strictly determined by the nature of the bifunctional
linkers employed and governed by the most thermodynamic
products.[33:3439

Within the hybrid phosphazane macrocyclic family there is a
large number of reported examples of condensation reactions
comprising symmetric bifunctional organic linkers (L-L) to
produce hybrid inorganic-organic macrocycles of general formula
[(u-L-L)P(u-N'Bu)],.131-323438] Among these species, the majority
are dimeric species (n = 2).813234 |n the case of trimeric P";N,
macrocycles (n = 3), only two examples have been isolated and
fully characterised.*39 Large folded tetrameric macrocycles (n =
4) have only been obtained from 1,4-diaminobenzene in
moderate yields,*? and with resorcinol as a minor product.’3!

One would expect that reactions involving asymmetric
bifunctional organic linkers (L-L’) would provide certain degree of
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P2N2 macrocycle disfavouring geometry building block, and (c) previously
reported O---O distances on previously reported cyclic and acyclic P">N,
species.

control over the P"';N, macrocyclic outcome due to the differential
chemical properties between the inequivalent terminal moieties.
However, these species have been exclusively isolated as small
dimeric P",N, species of the type [(u-L-L")P(u-N'Bu)], displaying
both cis and trans arrangements. 35381

To date, despite the tremendous efforts invested over the last
two decades in the synthesis of these species, no synthetic routes
capable of controlling the size of hybrid P",N, macrocycles have
been reported. Hence, the development of new methodologies
capable of rationally controlling to the end P";N, macrocyclic
product is key to the advancement of the field.

Since traditional one-step equimolar approaches have
repeatedly proven inadequate to access larger than dimeric
phosphazane frameworks and/or enable control over macrocycle
size (and topology), we postulated the differential properties
present in asymmetric linkers, in combination with elaborate multi-
step routes, can be capitalised on to obtain species otherwise not
accessible via conventional synthetic routes.

As a proof-of-concept, we herein describe the selective
synthesis of the largest reported hybrid inorganic-organic P"';N,
macrocycle via the synergic combination of “pre-arranged” P",N,
building blocks, and an elaborated multi-step synthetic route. This
approach is in stark contrast to the previously described traditional
single-step synthetic route, which only affords small dimeric
macrocyclic species (Figure 1).

Results and discussion

Bifunctional organic linker requisites and linker selection
Initially, we reasoned that the differential chemical and reactivity
properties present in asymmetric linkers could be leveraged on
for the synthesis of a cis-“pre-arranged” building block, which in
turn would grant access to large cis hybrid inorganic-organic
phosphazane macrocycles comprising asymmetric linkers.

For this purpose, we hypothesised that an ideal linker would
require: (i) the presence of two functionalities with pronounced
pKa differences, (ii) a rigid backbone with an appropriate
substitution pattern, and (iii) a strong preference for an exo,exo
conformation upon reaction with P2N, (to enforce unfolded
topologies).

After in depth review of the literature and exhaustive analysis of
the previously published work on P",N, macrocycles, we selected
4-hydroxybenzoic acid as the optimal organic linker for the
following reasons (see Figure 2).

Firstly, this compound compromises two acidic moieties —i.e., -
COOH and -OH with pKas ~4.20 and ~10, respectively — bonded

to a rigid phenyl group in a para conformation — prerequisites (i)
and (i), respectively. In addition, all previously reported
cyclodiphosphazane species containing -O(O)C-X (X= Ph-O-, Ph-
CN, -C(0O)0-, and CF3) moieties directly bonded to the P"';N, ring
exhibit a strong preference for exo,exo conformation®>41 -
prerequisite (iii) — which is in contrast with commonly reported
hydroxyl and amino groups (Figure 2a).[38:42-44]

Secondly, in the previously reported P",N,®**€° monomer
containing two -OC(O)PhCN substituents, the distances between
the distal para substituents is greater than the average distance
between P",N, substituents (Figure 2b). This topological
arrangement creates a geometrical mismatch that we envisage
will disfavour the formation of small dimeric P"';N, macrocycles
(Figure 2c shows the average O---O distance for cyclic and
acyclic P";N, species containing organic substituents or linkers).

Lastly, this linker has been previously reported to produce a
trans dimeric macrocycle, trans-[(u-O-CgH4-COO)P(u-N'Bu)]z (2a),
as sole product when conventional equimolar single-step
synthetic route was used (Scheme 1).%9 This selectivity for
dimeric macrocycles will serve a base model and benchmark in
our proof-of-concept studies (Scheme 1, left).

Synthesis of cis “pre-arranged” building block

With this in mind, we set out to synthesise the targeted P"';N,
building block comprising two -OC(O)PhOH substituents.
Compound 1 was reacted with two equivalences of 4-
hydroxybenzoic acid in THF at -78 °C in the presence of base (i.e.
EtsN) and the resulting mixture was left to gradually warm up to
room temperature and further stirred for 3 hours. The in situ 3!P-
{*H} NMR spectra — shown in Figure 3, top — revealed a singlet
resonance signal at & 172.5 ppm, which was attributed to the
acyclic cis di-substituted monomeric  building  block,
[(HOCeH4(O)CO)P(u-N'Bu)]> (2a, in Scheme 1) (cf. previously
reported [(CN)CsH4(O)CO)P(u-N'Bu)], counterpart & 173.0
ppm).B3 Furthermore, there were no resonances recorded
consistent with the formation of the aryl oxide cis di-substituted
derivative [([HOC(O)CsH4O)P(u-N'Bu)]z (2b, in Scheme 1), since
no signals were observed at & ~144 ppm — where cis acyclic
alkoxide or aryloxide species would have been expected.-33
Additionally, neither signals for the trans di-substituted (2c, in
Scheme 1) monomer (i.e., mixed aryl oxide and alkoxide), nor the
previously reported trans dimeric macrocycle (3a, Figure 3
bottom) were observed. Unfortunately, attempts to isolate
analytically pure samples of 2a were unsuccessful. Hence, the cis
pre-arranged building block 2a was used in situ throughout our
studies.
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Figure 3. In situ 3P-{*H} NMR spectra of conventional one-step approach
reaction leading to 3a (bottom) and step 1 the multi-step synthetic route
leading to 2a (top).
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Scheme 1. Reaction scheme for the multi-step methodology to macrocycle 4.

Synthesis of all cis hybrid P">2N2 macrocycle

After the successful formation of the targeted cis pre-arranged
building block, 2a was subsequently reacted with compound 1 in
the presence of EtsN at -78 °C and left to stir overnight (Scheme
1, right). The in situ 3!P{*H} NMR spectra recorded revealed two
singlet resonance signals at & 180.0 and 150.1 ppm along with
small resonance signals corresponding to the dimeric trans
macrocycle 3a, presumably due to fragmentation and
rearrangement products of 2a or its derivatives (see Figure
S2).18034 Despite these minor side product, pure compound 4 was
isolated in good yields by filtration of the reaction crude in
hexanes. High-quality crystals, suitable for SC-XRD, were
obtained by cooling down a concentrated solution of 4 in hexanes.
These studies indicated the successful formation of an all-cis
tetrameric macrocycle obtained cis-[u-P(u-N'Bu)]2(u-p-
OC¢H4C(0)O)]4[u-P(u-NBu)]. (4), in contrast to the dimeric
macrocycle obtained using conventional one-step equimolar
synthetic routes (see Figure 4).

Notably, since the selected linker imposes an exo,exo around
the -C(O)O- moiety, compound 4 features an unfolded topology
which leads to the largest cavity among the hybrid inorganic-
organic cyclodiphosphazane macrocyclic family to date. This

@

3b (not observed)

uniquely large ellipsoidal cavity displays two orthogonal axes of
19.36 A and 7.24 A, and an area of 110.1 A2 which significantly
larger any previously reported hybrid P"',N,-macrocycles (Table
S1). Moreover, this large cavity enables partial rotation of central
P";N, bonded to hydroxyl groups, which is illustrated by the
presence of two different macrocyclic conformers within the
crystal lattice, which results in significant disorder in the diffraction
data collected (Figure 4). In one conformer, the two opposite
P"';N, units are parallel to each other while in the other conformer,
these PN units are almost perpendicular (Figure S10). To the
best of our knowledge, the observed ability of the central P",;N,
units to partially rotate has never been observed in any
cyclodiphosphazane macrocyclic species reported.

The relative mobility of the central P,N, units around the
hydroxyl axis in 4 is further confirmed by *H NMR spectroscopy,
where all the tert-butyl groups display a singlet resonance at &
1.39 ppm and which split into two different environments upon
cooling at 5 °C (see Figure S7).

Mechanism of formation and computational studies
Notably, the O<+O bond distances in 4 provides geometrical
clues to rationalise the observed preference for the formation of

(b)

Figure 4. Crystal structures of the two different conformers of cis tetrameric macrocycle (4).
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Scheme 2. Relative Gibbs free energy diagram for the formation of the tetrameric macrocycle 4 calculated at the wB97xD/6-31G(d,p) level of theory

the tetramer 4 instead of the dimer 3b. This suggests that the two
free hydroxyl groups present in the cis pre-formed building block
2a are too far apart (= 6.0 A), disabling the cyclic arrangement
closure with one dichlorophosphazane unit and in turn resulting in
the formation of the tetrameric macrocycle 4.

The large do distance proposed — a crucial structural feature of
2a, — is supported by the previously reported
[(CN)CgH4(0)CO)P(u-NBU)]2.).B% In this species, the average
separation between the -X substituents on the distal para
positions is around 7 A, which is much larger than the separation
between the chlorine atoms in the dichloro substituted starting
material 1 (41 A  or any other reported
dichlorocyclodiphosphazanes (ranging from 3.8 to 4.7 A) (See
Table S2 SI).B44446-50Therefore, the subsequent addition of 1
resulted in the formation of tetrameric macrocycle 4 via
condensation of two molecules of intermediate int | (Scheme 2).

Computational calculations were performed to both rationalise
the experimental observations and gain insights into the
mechanism involved in the formation of 4. Firstly, the key role of
the pre-arranged rigid monomer 2a was investigated. To this end,
the three possible isomers of the monomer 2 were optimised
using density functional theory (DFT). It was found that the most
stable isomer is the one where the organic linkers are attached to
the phosphazane unit via the acid group (cis-2a, Scheme 2)
followed by the isomer in which the organic linkers attached via
the alkoxy groups (cis-2b). Finally, the least stable isomer was
computed to be trans-2c with one acid group and one alkoxy
group directly bonded to the PN, unit.

This observation is in good agreement with the experimental
observations, where only the cis-2a isomer is observed in the in-
situ 3*P{*H} NMR spectra, due to the higher pKa of the acid group,

thus validating our stepwise approach. Once 2a is formed, it
reacts with a 1 to form an asymmetrically substituted monomeric
intermediate, [(HOCgH4(O)CO)-(P(u-NBu)),-O(CO)CH,O-(P(u-
N'Bu)).-Cl] (Int I), where a new P-O bond has been formed. Once
the first P-O bond has been formed, there are two possible
reaction pathways (see Scheme 2): (i) an intramolecular
nucleophilic attack between the OH moiety and the terminal P-Cl
within Int I to form a second P-O bond, and hence yielding the cis-
dimeric macrocycle 3b (not observed experimentally) (Pathway |
in Scheme 2)., (ii) or an intermolecular reaction between two Int
| molecules to produce the observed cis-tetrameric macrocycle 4
(Pathway Il in Scheme 2).

Within the context of these two possible reaction pathways, int
| was optimised, and its most stable configuration displays a Cl-
P.--OH distance of 6.6 A indicating a difficult and unlikely
nucleophilic attack to form 3b (Figure S13a). Additionally, a scan
of 360 ° of the Ph-O-P dihedral angle was carried out in order to
find the closest possible CI-P---OH distance, which was found to
be 4.3 A (Figure S13a). At more than two-fold the average P-O
bond distance observed in phosphazane species this further
proves the difficulty of the cis-dimeric macrocycle 3b. 3-3

Alternatively, rotation around the P—O bond in int | could
potentially locate the P-Cl and -Ph-OH terminal moieties close
enough for the intramolecular nucleophilic attack required to form
3b to take place. Within this context, an energy scan for the
rotation around the P—OC(O)PhOH bond in 2a was calculated.
The calculated rotation displays a high energy barrier (~12
Kcalsmol?), which is in good accord with the experimentally
observed preference for exo,exo configuration displayed by all the
previously reported cyclophosphazane species comprising -p-
OC(0O)-X moieties. In contrast the P—O rotation barrier for then
alkoxy derivative 2b (i.e., the P—OPhC(O)OH bond) is roughly

half (~6 Kcalsmol'), which is consistent for the exo,endo

preference observed this type of species.l?-33
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Additionally, the cis- and trans- dimeric macrocycles (3a and 3b,
respectively) were optimised to rationalise both the observation of
the previously reported trans-dimeric macrocycle 3a as a side
product, as well as the failure to observe its cis-dimeric
counterpart 3b. Our DFT calculations indicate that 3a is 14.00
Kcalsmol* more stable than 3b, which is in agreement with the
experimentally observed exclusive formation of 3a from the 1:1
reaction of 1 with p-HOC(O)PhOH, presumably via the
condensation of two Int Il molecules (see Scheme 2 left —
conventional synthetic route). Interestingly, the formation of a
small amount of 3a is observed in the in situ 3*P NMR using our
approach. This phenomenon can be attributed to a Cl- mediated
cleavage of one of the P-O-Ph bonds in 2b, leading to the
formation of Int Il and the subsequent formation of 3a, which has
been previously described for strained phosphazane species.>!

Finally, we computed the energies of both cis and trans isomers
of the tetrameric macrocycle 4. The computational calculations
indicate that the cis isomer is thermodynamically favoured over
its trans counterpart (i.e., 5.59 Kcalsmol?, see Figure S14).

Overall, our theoretical studies suggest that both the strong
preference for an exo,exo conformation of the -C(O)O- moieties
combined with the stepwise synthetic route used are critical for
the successful formation of the tetrameric macrocycle herein
reported.

Conclusions

The proposed novel multi-step synthetic route comprising
complex and rationally pre-arranged building blocks has been
demonstrated to unlock the synthesis of previously unattainable
hybrid inorganic-organic macrocycles.

The herein reported unfolded tetrameric macrocycle displays
the largest large cavity area of its kind (110.1 A2) due to the strong
exo, exo preference of the building block used, thus preventing
the formation of the conventionally obtained exo,endo folded
counterparts. With the success in designing a controlled synthetic
methodology for macrocycles with large cavity, effort and
attention will subsequently be applied towards expanding our
approach to a wide range of phosphazane frameworks.

Finally, our work highlights the need to invest further efforts on
the synthesis of a wide range topologically rigid complex building
blocks across the cyclophosphazane family to access larger
macrocyclic frameworks that are able to compete, or even
surpass, their organic counterparts in the fields of host-guest and
supramolecular chemistry in the race to achieve industrially-ready
functional materials and devices solely based on inorganic
building blocks.
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