Open Access Article. Published on 28 November 2023. Downloaded on 2/7/2026 12:41:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 298
All publication charges for this article

have been paid for by the Royal Society
of Chemistry

Joseph M. Marrett,

Supramolecular ’

3 Hatem M. Titi,

I ROYAL SOCIETY
PPN OF CHEMISTRY

‘baking powder”: a hexameric
halogen-bonded phosphonium salt cage
encapsulates and functionalises small-molecule
carbonyl compounds+

® Yong Teoh® and Tomislav Frig¢i¢ @2 *@®

We report a hexameric supramolecular cage assembled from the components of a Wittig-type

phosphonium salt, held together by charge-assisted halogen bonds. The cage reliably encapsulates small

polar molecules, including aldehydes and ketones, to provide host—guest systems where components

are pre-formulated in a near-ideal stoichiometry for a mechanochemical base-activated Wittig

olefination. These pre-formulated solids represent a proof-of-principle for a previously not reported

supramolecular design of solid-state reactivity in which the host for molecular inclusion also acts as
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a complementary reagent for the subsequent chemical transformation of an array of guests. The host—

guest solid-state complexes can act as supramolecular surrogates to their Wittig olefination vinylboromide

DOI: 10.1039/d2sc04615f

rsc.li/chemical-science aldehyde to an enediyne.

Introduction

Formation of multi-component crystals, such as cocrystals'*®
lattice inclusion compounds”™™® and solid solutions,”™** is one
of the principal crystal engineering™ strategies for the design of
reactivity in the organic solid-state. Molecular inclusion in
host-guest complexes in the solid state, as well as in solution,
has provided access to a range of transformations, including
photodimerisations,'**® isomerisations, photochemical
oxidations,”>** decarbonylations,*** Diels-Alder reactions,”**”
and more.”® In the majority of cases, the host molecule or lattice
acts as a chemically inert container, with reactivity confined to
the included guests (Fig. 1a). Recent work in the metal-
organic framework (MOF) area has introduced the concept of
a “crystal as a molecule”, wherein inclusion of a small molecule
guest leads to the functionalisation of a suitably designed host
framework (Fig. 1b).*

Here, we present a different and, to the best of our knowl-
edge, not yet explored approach to design reactivity in organic
solids, where the host component acts both as a container for
inclusion and subsequently a reagent for chemical
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products in a Sonogashira-type coupling that enables one-pot mechanochemical conversion of an

derivatisation of guests (Fig. 1c). We show the pre-formulation
of two reactants into well-defined solid-state host-guest cages
that can be used for “on demand” solvent-free Wittig olefina-
tion** of small-molecule aldehydes and a ketone, induced by
milling with a solid base. Moreover, we show that these inclu-
sion compounds can be used to generate 1,1-dibromoolefins in
situ for their further derivatisation, i.e. by a Sonogashira-type
coupling.*” Effectively, these host-guest cage complexes repre-
sent a solid-state supramolecular equivalent of difficult-to-store
dibromolefin liquids, enabling the one-pot conversion of an
aldehyde into an eneyne and/or an enediyne, which proceeds
readily by mechanochemistry, but with difficulty or not at all in
solution.

Results

Key to this work is the herein shown ability of the (dibromo-
methyl)triphenylphosphonium bromide salt (PPh;CHBr,) ' Br~
(1) to reliably form small molecule inclusion complexes in the
solid state, based on a self-assembled hexameric cage held by
charge-assisted halogen bonds (XBs, Fig. 2).*** Whereas
phosphonium salts of the general type (PPh;CHX,)'X™ (X = Cl,
Br, I) have been studied®* in the context of the Wittig olefi-
nation reaction as precursors to synthetically valuable gem-
dihaloolefins,***® their structures and solid-state properties
remain largely unexplored.

Compound 1 was synthesised according to a procedure by
Wolkoff,*” and recrystallised from acetonitrile (MeCN) to yield
large colorless crystals. Single crystal X-ray structural analysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of the herein presented type of host—guest
reactivity to other previously demonstrated ones: (a) reaction between
similar or dissimilar guest molecules in a host structure;*¢-182627 (pb)
a reaction in which the guest molecules functionalise the host struc-
ture, as exemplified by reactivity of ZIF-90 metal-organic framework
with small molecule guests;*® and (c) the herein presented approach in
which the host components functionalise the guest.

stlmulus

revealed that the crystals are composed of hexameric cages,
each containing six ordered MeCN molecules, held together by
R-Br---Br ---Br-R halogen bonds as part of an apparently
unique motif among so far reported halogen-bonded capsules,
which are mostly dimeric.**** The resulting material (1-MeCN)
was desolvated by heating (130 °C) under high vacuum for 12
hours, forming a new phase (1) with a distinct powder X-ray
diffraction (PXRD) pattern (Fig. 3a and b). Dissolution of 1 in
hot nitrobenzene, followed by slow cooling to room tempera-
ture, afforded colorless crystals, identified as the solvent-free
salt (PPh3;CHBr,) Br~ by single crystal X-ray diffraction. The
PXRD pattern simulated for the structure of 1 matched to that of
the bulk material (Fig. 3a and b).

Compound 1 was found to consistently form the XB cage
structure observed in 1-MeCN upon crystallisation from various
liquids. Recrystallisation from a set of 11 additional small-
molecule polar liquids (nitromethane (MeNO,), acetone, 2-
butanone, acetic acid, acrylic acid, dimethylsulfoxide (DMSO),
N-methylpyrrolidone (NMP), N,N-dimethylformamide (DMF),
and dimethylacetamide (DMA), Fig. 3c) provided colorless
crystalline 1-guest solids whose PXRD patterns were in all cases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The XB cage based on 1. (a) Schematic representation of the salt
(dibromomethyl)triphenylphosphonium bromide (1). (b) Electrostatic
surface potential (ESP) map of the (dibromomethyl)triphenylphos-
phonium cation of 1, at an 0.0025 a.u. isosurface level. (c) Chemical
diagram of the hexameric cage based on 1, and (d) fragment of the
single crystal X-ray structure of 1-MeCN with the MeCN guest mole-
cules omitted. One-half of the cage is displayed as capped sticks, and
one-half in space-filling mode. Crystallographic data for all herein
determined structures has been provided in the ESIt in CIF format, and
also deposited with the Cambridge Structural Database (CCDC codes
2095086-2095103).

almost identical to that of 1-MeCN, indicating isostructurality
(MeNO,), acetone, 2-butanone, acetic acid, acrylic acid, dime-
thylsulfoxide (DMSO), N-methylpyrrolidone (NMP), N,N-dime-
thylformamide (DMF), and dimethylacetamide (DMA)).
Diffraction-quality single crystals were obtained for nine of
these additional materials, confirming isostructurality and
revealing the anticipated inclusion of solvent guest into the
hexameric cage held together by R-Br---Br ---Br-R halogen
bonds between 3.18 A (for 1-MeNO,) and 3.45 A (for 1-NMP) in
length. In most structures, the guest molecules were sufficiently
ordered for single crystal X-ray diffraction to reveal six of them
located within each cage, with the electron-rich portions of each
guest molecule engaging in short C-H:-O (2.37-2.65 A) or
C-H---N (2.30 A, for 1-MeCN) interactions with the phenyl
groups of 1. In almost all cases, residual electron density which
could not be modelled was also found at the center of each cage,
indicating the presence of additional disordered guest.

The quantity of guest included in each hexameric cage was
further investigated using proton nuclear magnetic resonance
spectroscopy ("H NMR) in CDCl; solution and by thermogravi-
metric analysis (TGA) (see ESIT). Analysis by '"H NMR revealed
between 6 and 7 guest molecules per cage, commensurate with
the X-ray single crystal structure analyses, and supporting the
presence of additional highly disordered guests in some 1-guest
materials. Similar results were obtained using TGA, where the
amount of included guest was evaluated by the height of the
first weight loss step observed upon heating each 1-guest
material under a flow of N,. The number of guest molecules per

Chem. Sci., 2024, 15, 298-306 | 299
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Fig. 3 Selected PXRD patterns, guests, and transformations of 1. (a) The PXRD patterns of 1-MeCN and 1-acetaldehyde, which are similar,
indicating isostructurality, and the pattern for desolvated 1, which is unique. (b) Schematic of the desolvation and solvation of 1-MeCN. (c) The
guest molecules included in the hexameric XB cage of 1. (d) The reactive-guest molecules included in the hexameric XB cage of 1. (e) Reaction
scheme for the mechanochemical Wittig olefination of the 1-reactive-guest materials induced by milling with a base (K,COs3). Crystallographic
data for all herein determined structures has been provided in the ESI in CIF format, and also deposited with the Cambridge Structural Database
(CCDC codes 2095086-2095103). Symbol for mechanochemical reaction conditions in (e) was adopted from Rightmire and Hanusa.>®

cage for each 1-guest material, as determined by NMR and TGA,
is given in the ESL All 1-guest materials were also analysed by
Fourier-Transform Infrared Attenuated Total Reflectance spec-
troscopy (FTIR-ATR) (see ESIT).

The ready encapsulation of small polar molecules in 1
encouraged us to explore the possibility of encapsulating alde-
hydes and ketones, which could act as reactive complements to 1,
which is an ylide precursor, in a Wittig olefination. We envisaged
that encapsulation of carbonyl compounds (Fig. 3d and e) within
the hexameric cage of 1 could lead to self-assembled 1-reactive-
guest materials isostructural to 1-guest, but where the included
guests would be susceptible to controlled chemical modification
by the components of the host cage. Such an arrangement
supposes that there is a sufficient barrier to the reaction between
the host and guest, so that the solid-state complex can be iso-
lated, stored and characterised without spontaneous reaction. In
such a scenario, 1 represents a stable precursor to the phos-
phorus ylide which can react with carbonyl compounds to form
olefins and is easily and reliably accessible by exposure to a base.
This system can be seen as analogous to baking powder,
a chemical leavening agent used in baking which is a pre-
arranged mixture of two solids (a carbonate base and an acid)
which are in close contact, but do not react until an external
stimulus (i.e., heat or liquid) is applied.*

A set of aldehydes and a cyclic ketone were selected as
potentially reactive guests for this purpose (acetaldehyde,

300 | Chem. Sci., 2024, 15, 298-306

propionaldehyde, isobutyraldehyde, n-butyraldehyde, cyclo-
butanone, and 3-methylthiopropionylaldehyde (methional),
Fig. 3d). The salt 1 could be recrystallised directly from cyclo-
butanone and methional by slow cooling, yielding colorless
crystals isostructural to 1-MeCN, as confirmed by their PXRD
patterns. Isostructurality was additionally confirmed for the
cyclobutanone inclusion compound by single crystal X-ray
diffraction (scXRD) structure analysis. The other reactive guest
molecules dissolved 1 only slightly, and the 1-reactive-guest
materials were obtained by soaking 1 in an excess of the pure
liquid guest overnight. Soaking led to microcrystalline mate-
rials whose PXRD patterns indicated isostructurality to
1-MeCN. Single crystals of the 1-reactive-guest materials con-
taining acetaldehyde and propionaldehyde were obtained by
crystallisation from a mixture of the guest and a solvent which
dissolves 1 but does not enter the cage (nitrobenzene and
diethylpropionamide, respectively). For butyraldehyde and iso-
butyraldehyde as guests, placing a small amount of 1 in a large
excess of the liquid guest overnight yielded single crystals
suitable for scXRD structural analysis. Diffraction-quality single
crystals could not be obtained for 1-methional and
1-butyraldehyde, but the PXRD patterns of these solids strongly
indicate isostructurality to other XB cages.

Formation of 1-reactive-guest materials was also possible
mechanochemically, by milling 1 with a guest compound. In
a typical experiment, 100 mg of 1 and 100 pL of the guest were

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04615f

Open Access Article. Published on 28 November 2023. Downloaded on 2/7/2026 12:41:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

milled for between 5 and 30 minutes in a 15 mL volume zirconia
milling jar, using a single zirconia ball of 3.2 g weight, leading
to the formation of the 1-reactive-guest XB cages that were
identified by PXRD after milling. Importantly, milling 1 on its
own did not lead to the formation of a cage-type phase, instead
causing amorphisation evident by the disappearance of well-
defined reflections in the X-ray powder diffractogram. All six
1-reactive-guest materials were also analyzed by "H NMR, TGA,
and FTIR-ATR (see ESIT). The "H NMR and TGA analyses indi-
cated that the materials contained between four and seven
guest molecules per each hexameric cage. Importantly, as each
cage is expected to produce six equivalents of a phosphorus
ylide upon milling with a base, the herein established compo-
sitions of 1-reactive-guest materials serendipitously correspond
to a near-ideal stoichiometry for a Wittig olefination reaction.
Solution "H NMR spectra of all 1-reactive-guest materials
showed the presence of only 1 and the guest molecular species,
confirming that the host and guest are stable when in contact
and that there was no reactivity between the host and reactive
guest in the XB cage.

Next, we explored the potential of the 1-reactive-guest
materials to undergo base-induced Wittig olefination by ball
milling each material with K,COs;. Milling was performed at
30 Hz for 20-180 min, using a 15 mL volume zirconia milling jar
containing a single 3.2 g weight zirconia ball. Immediate "H
NMR analysis of the milled materials showed a complete or
nearly complete absence of 1 and the presence of triphenyl-
phosphine oxide (TPPO), consistent with a Wittig olefination
reaction.***® Similarly, PXRD analysis of the milled materials
revealed the complete disappearance of Bragg reflections cor-
responding to the hexameric cage materials, and the appear-
ance of reflections corresponding to TPPO and KBr (See ESIT).
Moreover, the signals of the reactive guests in the 'H NMR
spectra of milled materials were either significantly reduced or

View Article Online
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completely absent, replaced by those of the 1,1-dibromoalkenes
expected from a Wittig olefination reaction using 1. The
formation of the 1,1-dibromoalkenes was confirmed by
comparing solution "H and **C NMR spectra to those for iso-
lated pure compounds, which were also characterised by high-
resolution mass spectrometry (HRMS) (see ESIT).

Conversions of 1-reactive-guest solids into 1,1-dibro-
moalkenes were determined by "H NMR spectroscopic analysis
of crude reaction mixtures after milling, using an internal
standard approach in which the signal integration for the 1,1-
dibromoalkene product was compared to that of the byproduct
TPPO (see ESIT). Notably, 'H analysis of crude reaction mixtures
showed in all cases the complete transformation of 1 into TPPO,
which was also separately verified by *'P NMR spectroscopy in
selected systems, indicating that the latter can be used as
a suitable, non-volatile internal standard for analysis. Conver-
sions were generally found to be >90% for aldehyde-based
guests, but were lower for cyclobutanone (Table 1). In the case
of isobutyraldehyde, the reaction led to a mixture of products
which has so far been challenging to analyse. Notably, when
conducted at the same scale (90 mg of 1-reactive-guest, which
corresponds to 0.15-0.16 mmol, depending on the system),
reactions of acetaldehyde and propionaldehyde guests gave
conversions which were lower than those of butyraldehyde and
methional. With the assumption that the lower conversions
were due to the evaporative loss of the volatile guests or prod-
ucts into the milling jar headspace, the reactions were con-
ducted at a larger scale (250 mg), and in the presence of a larger
amount of base, in that way minimising the effect of evaporative
loss on the measured conversion.}

The effect of the base on reaction progress was evaluated by
substituting K,CO; with Cs,CO; in the optimised milling
experiments. The resulting conversions were similar to those
seen when using K,CO;. We also attempted to investigate the

Table1 H NMR conversions for the mechanochemical Wittig reactions conducted by milling 1-reactive-guest with K;CO3z or Cs,COsz as a base

(also see ESI)
Product Scale” (mg) Base (equivalents) Time (min) Conversion (%)
Br Y
o I 250 3 20 99, 94
Br »
250 1.5 60 94, 99
Br)\/\ ’
Br
S 90 15 30 99, 98”
Br
Br,
I:ﬁ\Br 90 1.5 180 75, 77"
Br Ve
Z S
W 90 1.1 60 99, 920

Br

“ Corresponds to the amount of 1-reactive guest. > "H NMR conversions for mechanochemical Wittig olefination where the K,CO; is replaced with

an equimolar quantity of Cs,COs;.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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importance of guest inclusion in the halogen-bonded cage of 1
by milling of non-solvated 1 with cyclobutanone in the presence
of K,CO;. Cyclobutanone was chosen because the reaction of
1-cyclobutanone does not lead to complete conversion, in that
way facilitating the observation of any reaction-enhancing or
-retarding effects. This experiment revealed that the 1-reactive-
guest complex formed rapidly, as shown by PXRD analysis of the
reaction mixture after only 15 seconds of milling (see ESIT).
While this prevents the exploration of the ball-milling reaction
in the absence of guest encapsulation, it also provides
a different perspective of 1-reactive-guest, at least in the case of
cyclobutanone reactant: as a self-assembled intermediate in the
Wittig reaction of 1 and reactive-guest. Such a perspective would
be consistent with the emergent realisation that self-assembled
solid-state complexes, such as cocrystals, can play an important
role as intermediates in mechanochemical reactions.””

As another pathway to estimate how encapsulation in the
cage of 1 could be affecting the reaction, we also explored
milling of cyclobutanone with 1-MeCN in the presence of
K,CO; in equimolar quantities to the optimised reaction with
1-cyclobutanone. Pre-complexation of 1 with MeCN serves to
limit the encapsulation of cyclobutanone, providing an experi-
ment where the Wittig olefination can proceed without the
influence of substrate capture. This experiment resulted in
a conversion of 67%, a small, but noticeable decrease compared
to the reaction of 1-cyclobutanone, for which the conversion
was 75%. This result suggests a modest increase in reactivity is
associated with substrate encapsulation by 1, with the caveat
that additional MeCN could also be affecting the reaction.

The described 1-reactive-guest materials are unique exam-
ples of a supramolecular host encapsulating a molecular
species which it is capable of derivatising upon chemical
stimulus, such as base addition. For volatile and liquid

100
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Fig. 4 Comparison of TGA thermograms of 1-reactive-guest mate-
rials, with the boiling point of each reactive-guest marked with
a dotted line, demonstrating that the 1-reactive-guest materials
containing propionaldehyde, butyraldehyde, and cyclobutanone are
stable at temperatures above the boiling points of the guests
themselves.
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carbonyl substrates like acetaldehyde, propionaldehyde, and
cyclobutanone, this arrangement also provides the additional
benefit of mitigating issues related to the storage and
measurement of these liquids. Whereas small-molecule alde-
hydes and ketones are volatile, with boiling points between
20 °C and 100 °C, their associated 1-reactive-guest forms are
stable to higher temperatures, as shown by TGA (Fig. 4).1>%%¢*
Additionally, the formation of 1-reactive-guest materials by
crystallisation, soaking, or milling acts as a means by which to
select an approximately stoichiometrically-appropriate quan-
tity of substrate.

Based on the reliability and simplicity of the olefination
reactions conducted by milling 1-reactive-guest with a base, we
hypothesised that these materials could also act as supramo-
lecular solid-state equivalents of difficult to store reactive liquid
1,1-dibromoalkenes in the context of further chemical deriva-
tisation. Such a possibility would allow for the replacement of
gem-dihaloolefins with stable precursor 1-reactive-guest solids
based on aldehydes or ketones. To validate this possibility, we
focused on the palladium- and copper-catalysed Sonogashira
cross-coupling of alkynes with vinyl dibromides (Fig. 5), antic-
ipated to yield eneyne or enediyne products.®>** Molecular
species containing the enediyne motif are of considerable
synthetic interest as precursors in the synthesis of expanded
radialenes, cross-conjugated macrocycles with interesting elec-
tronic properties.®

Milling 1-butyraldehyde with 2 equivalents of anhydrous
K,CO; and 2.2 equivalents of (trimethylsilyl)acetylene (TMS-
acetylene) in the presence of 10 mol% of PdCl,(dppf), and
8 mol% of Cul for 30 minutes in a zirconia milling jar using
a single zirconia ball (3.2 g weight) led to one-pot conversion of
butyraldehyde to a mixture of mono- (eneyne) and di-coupled
(enediyne) Sonogashira products, with a significant amount of
the intermediate gem-dihaloolefin remaining. The stereochem-
istry of the eneyne product was confirmed by examination of /¢y
couplings using the selHSQMBC-TOCSY experiment,®® which
yielded values consistent with DFT calculations (see ESIT).
Optimisation of the milling reaction by altering the milling
time, quantity, solid form (anhydrous or sesquihydrate) of the
K,CO; base, and quantity of TMS-acetylene allowed for the near-
complete disappearance of the gem-dihaloolefin intermediate

|

C% Mo sil |

TMS-acetylene R ~ i Si:
y! + S
K,CO, Il R
PdCl,(dppf) Br
Cul /s||\

R= _~n 52% (in solution: 14%)  22% (in solution: 5%)

R= ~s~h 79% 0%

Fig. 5 Reaction scheme for the one-pot mechanochemical Wittig
olefination and Sonogashira coupling of aldehydes to form enediyne
and eneyne products using 1-reactive-guest solids as starting mate-
rials. Conversions are given for mechanochemical reactions after 90
minutes milling, and for 1-butyraldehyde are compared to the best
ones achieved for analogous reactions in solution after 24 hours.
Symbol for mechanochemical reaction conditions was adopted from
Rightmire and Hanusa.>®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Reaction conditions and conversions for mechanochemical one-pot Wittig olefination and Sonogashira coupling transformation of
1-butyraldehyde into the corresponding eneyne and enediyne. Conversions were determined by *H NMR and, unless otherwise noted, K,COs
was used in sesquihydrate form (see ESI). To illustrate the efficiency of the mechanochemical procedure, the outcomes two analogous solution
reactions performed at 40 °C under argon have been included in this table. For comparisons with other analogous solution-based reactions, see

ESI (Table S2.1)¢

TMS-acetylene Reaction time

Entry K,CO; (equivalents) (equivalents) (min) 1,1-Dibromoalkene Eneyne conversion Enediyne conversion
1 2b 2.2 30 17% 17% 17%

2 2 2.2 30 9% 17% 22%

3 2.5 2.2 30 9% 35% 39%

4 2.5 3.3 30 9% 43% 22%

5 2.5 3.3 90 Trace 22% 52% (45%)

6 2.5 3.3 180 Trace 4% 40%

7¢ 2.5 3.3 90 3% 0% 0%

8¢ 2.5 3.3 24 h Trace 5% 14%

@ All mechanochemical reactions demonstrated complete disappearance of starting materials by "H NMR analysis, and the less-than-quantitative
convers1ons to Sonogashira products are explained by the formation of poorly soluble side-products which are observed as a dark brown solid.
b Anhydrous K,CO; was used. ° Reactions performed in solution at 40 °C, analogous to the mechanochemical reaction 5, and reaction 8

exhibits the highest yield herein achieved by solution methods.

and conversions of 52% for the enediyne and 22% for the
eneyne Sonogashira products as determined by "H NMR spec-
troscopy (Fig. 5 and Table 2). The enediyne product was isolated
by column chromatography for the best performing reaction
(reaction 5, Table 2), and gave an isolated yield of 45%, in good
agreement with the 52% conversion determined by 'H NMR of
the crude mixture. The sesquihydrate of K,COj; generally per-
formed better than the anhydrate as a base in these milling
experiments. For the cage material containing 3-methyl-
thiopropionaldehyde (1-methional), the enediyne product was
obtained in 79% conversion, as determined by 'H NMR
(see ESIT).

Importantly, several attempts to perform this one-pot Wittig
olefination and Sonogashira coupling from 1-butyraldehyde in
solution, using either K,CO; or diisopropylamine** as a base,
have produced zero or significantly lower conversions to eneyne
or enediyne products compared to the optimised milling
protocol (see ESIT). Moreover, Sonogashira coupling in solution
starting from purified pre-synthesised 1,1-dihaloolefins using
K,CO; as a base produced only modest conversions to eneyne
and enediyne products after 24 hours. In our hands, the only
solution-based route to obtain the Sonogashira reaction
coupling products in high yields was by first isolating the cor-
responding vinyl bromide reactant, followed by coupling in the
presence of diisopropylamine base (see ESIT).** Overall, the use
of 1-butyraldehyde as a supramolecular surrogate of the cor-
responding vinyl bromide enabled the direct one-pot mecha-
nochemical conversion of butyraldehyde into corresponding
eneyne and enediyne derivatives without the need, apparently
necessary in a solution-based protocols, to isolate the 1,1-
dibromolefin and resort to an amine base.

Next, we explored expanding the 1-guest cage motif to
chloro- and iodo-congeners of 1. To this end, (dichloromethyl)
triphenylphosphonium chloride (2, Fig. 6) was synthesised
following a modified procedure reported by Appel,*” and was
recrystallised from MeCN to yield single crystals suitable for
scXRD analysis. Instead of forming a halogen-bonded cage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Overview of the structures and characteristics of 2 and 3. (a)
Electrostatic surface potential (ESP) map of the (dichloromethyltri-
phenylphosphonium cation, 2, plotted at an 0.0025 a.u. isosurface
level. (b) ESP map of the (diiodo)triphenylphosphonium cation, 3,
plotted at an 0.0025 a.u. isosurface level. (c) Fragment of the single
crystal X-ray structure of 2, with one formula unit displayed in space-
filling mode, and one formula unit displayed as capped sticks. (d)
Fragment of the single crystal X-ray structure of 4, exhibiting the XB
cage structure with nitromethane as the guest. (e) Reaction scheme
for the decomposition of 3 MeNO, to 4. The salt 3 converts to its
monoiodinated analogue, 4, when dissolved in solvent and heated or
left to crystallise in open air for extended periods of time.
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analogous to 1-MeCN, compound 2 adopts a dense-packed non-
solvated structure exhibiting C-H:--Cl™ hydrogen bonding
interactions. All attempts to obtain a cage based on 2 have been
unsuccessful, consistent with weaker capacity of chlorine as XB
donor.

Iodine is known to engage in XB interactions with greater
propensity than bromine or chlorine,*>%® suggesting a way to
obtain materials analogous to 1-guest. Heating to reflux
a solution of iodoform with one equivalent of triphenylphos-
phine in MeCN gave mostly (diiodomethyl)triphenylphospho-
nium iodide, 3, as a yellow solid with a PXRD pattern suggesting
a structure similar to that of 1-MeCN. Dissolution of this
powder in nitromethane followed by rapid crystallisation under
reduced pressure yielded crystals suitable for scXRD analysis,
which revealed XB cages isostructural to those in 1-MeCN
(Fig. 6). However, 3 was found to readily decompose, forming
(iodomethyl)triphenylphosphonium iodide (4), which was
identified by scXRD analysis of crystals grown by heating 3 in
MeNO, until boiling, followed by slow cooling of the solution

(Fig. 6).

Conclusions

We have presented a proof-of-principle of a supramolecular
halogen-bonded host that encapsulates molecular species
which are susceptible to subsequent chemical transformation
by the host itself. This strategy allows for the creation of
thermally stable complexes of guest aldehydes or ketones with
a phosphonium salt host, in a stoichiometric ratio that is very
close to that required for the Wittig olefination reaction.
Consequently, these host-guest complexes can be used as
solid-state supramolecular surrogates of reactive liquid vinyl
dibromides, that are readily and in high conversions gener-
ated by mechanochemical treatment of the solid-state
complexes with a carbonate base. This approach also
enables more complex one-pot transformations by mechano-
chemistry, illustrated herein by the tandem Wittig olefination/
Sonogashira coupling,***%-** which readily took place
mechanochemically, but much less efficiently or not at all
when attempted in solution. These results, while currently
limited in the choice of reagents, serve as a proof-of-principle
to illustrate how the use of a reactive host-guest complex as
a supramolecular surrogate of a vinyl bromide in the solid
state not only simplifies the derivatisation of volatile alde-
hydes and a ketone, but also enables otherwise inefficient,
more complex one-pot transformations. Work is ongoing to
expand this methodology to additional carbonyl-containing
substrates, and to explore other reaction systems which
could benefit from using host-guest assemblies as supramo-
lecular surrogates.
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Crystallographic data in CIF format has been deposited with the
Cambridge Structural Database. Data supporting this manu-
script has been provided in the ESL

304 | Chem. Sci, 2024, 15, 298-306

View Article Online

Edge Article

Author contributions

J. M. M. performed synthesis, characterisation, and calcula-
tions. H. M. T. performed scXRD analysis. T. Y. assisted with
mechanochemical synthesis optimisation. The manuscript was
written by J. M. M. and T. F. with contributions from all authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Prof. D. F. Perepichka (McGill University) and Dr D.-
K. Bucar (University College London) for discussions, and Dr
R. S. Stein for assistance with NMR experiments. High-field
(800 MHz) NMR spectra were acquired at QANUC, the
Québec/Eastern Canada High Field NMR Facility. We
acknowledge the support of McGill University, Natural
Sciences and Engineering Research Council of Canada
(NSERC) Discovery Grant (RGPIN-2017-06467); John C. Polanyi
Award (JCP 562908-2022), the Government of Canada for Tier-1
Canada Research Chair Program (TF), the Leverhulme Trust
(Leverhulme International Professorship, LIP-2021-011) and
the University of Birmingham. We are also grateful to Reviewer
1 for insightful comments that led to an important improve-
ment of this work.

Notes and references

i Reactions of all substrates other than methional were found to improve upon
increasing the amount of carbonate base beyond 1.1 equivalents. Since 1.1
equivalents of K,CO; was found to be sufficient for complete conversion of 1 to
TPPO for all substrates, we believe that improved conversions when using excess
base may be due to reduced evaporation of reactants and/or products due to
adsorption on the extra solid material.

1 M. L. Cheney, G. J. McManus, J. A. Perman, Z. Wang and
M. ]J. Zaworotko, Cryst. Growth Des., 2007, 7, 616-617.

2 T. Odani and A. Matsumoto, CrystEngComm, 2002, 4, 467.

3 K. S. Huang, D. Britton, M. C. Etter and S. R. Byrn, J. Mater.
Chem., 1997, 7, 713.

4 M. C. Etter, S. M. Reutzel and C. G. Choo, J. Am. Chem. Soc.,
1993, 115, 4411-4412.

5 C. A. Gunawardana and C. B. Aakerdy, Chem. Commun., 2018,
54, 14047-14060.

6 M. ]J. Zaworotko, Cryst. Growth Des., 2007, 7, 4-9.

7 G. O. Lloyd, J. Alen, M. W. Bredenkamp, E. J. C. de Vries,
C. Esterhuysen and L. J. Barbour, Angew. Chem., Int. Ed.,
2006, 45, 5354-5358.

8 F. Toda and H. Akai, J. Org. Chem., 1990, 55, 3446-3447.

9 F. Toda, H. Miyamoto, T. Tamashima, M. Kondo and
Y. Ohashi, J. Org. Chem., 1990, 64, 2690-2693.

10 J. L. Atwood, L. J. Barbour and A. Jerga, Science, 2002, 296,
2367-2369.
11 M. Lusi, Cryst. Growth Des., 2018, 18, 3704-3712.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04615f

Open Access Article. Published on 28 November 2023. Downloaded on 2/7/2026 12:41:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

12 L. Pandolfi, A. Giunchi, T. Salzillo, A. Brillante, R. G. Della
Valle, E. Venuti, F. Grepioni and S. D’'Agostino,
CrystEngComm, 2021, 23, 1352-1359.

13 W. Kras, A. Carletta, R. Montis, R. Sullivan and A. ]J. Cruz-
Cabeza, Commun. Chem., 2021, 4, 38.

14 F. Fischer, S. Greiser, D. Pfeifer, C. Jager, K. Rademann and
F. Emmerling, Angew. Chem., Int. Ed., 2016, 55, 14281-14285.

15 T. Imakubo, H. Sawa and R. Kato, Synth. Met., 1995, 73, 117-
122.

16 M. Yoshizawa, Y. Takeyama, T. Kusukawa and M. Fujita,
Angew. Chem., Int. Ed., 2002, 41, 1347-1349.

17 K. Tanaka, E. Mochizuki, N. Yasui, Y. Kai, I. Miyahara,
K. Hirotsu and F. Toda, Tetrahedron, 2000, 56, 6853-6865.

18 J. N. Moorthy, K. Venkatesan and R. G. Weiss, J. Org. Chem.,
1992, 57, 3292-3297.

19 C. J. Otolski, A. M. Raj, G. Sharma, R. Prabhakar,
V. Ramamurthy and C. G. Elles, J. Phys. Chem. A, 2019, 123,
5061-5071.

20 T. Iwasawa, E. Mann and ]. Rebek, J. Am. Chem. Soc., 2006,
128, 9308-9309.

21 M. Canton, A. B. Grommet, L. Pesce, J. Gemen, S. Li,
Y. Diskin-Posner, A. Credi, G. M. Pavan, J. Andréasson and
R. Klajn, J. Am. Chem. Soc., 2020, 142, 14557-14565.

22 A. Natarajan, L. S. Kaanumalle, S. Jockusch, C. L. D. Gibb,
B. C. Gibb, N. ]J. Turro and V. Ramamurthy, J. Am. Chem.
Soc., 2007, 129, 4132-4133.

23 M. Yoshizawa, S. Miyagi, M. Kawano, K. Ishiguro and
M. Fujita, J. Am. Chem. Soc., 2004, 126, 9172-9173.

24 C. L. Gibb, A. K. Sundaresan, V. Ramamurthy and B. C. Gibb,
J. Am. Chem. Soc., 2008, 130, 4069-4080.

25 L. S. Kaanumalle, C. L. Gibb, B. C. Gibb and V. Ramamurthy,
J. Am. Chem. Soc., 2004, 126, 14366-14367.

26 J. Kang and J. Rebek, Nature, 1997, 385, 50-52.

27 J. Kang, G. Hilmersson, J. Santamaria and J. Rebek, J. Am.
Chem. Soc., 1998, 120, 3650-3656.

28 D.]. Cram, M. E. Tanner and R. Thomas, Angew. Chem., Int.
Ed., 1991, 30, 1024-1027.

29 M. Yoshizawa, J. K. Klosterman and M. Fujita, Angew. Chem.,
Int. Ed., 2009, 48, 3418-3438.

30 W. Morris, C. ]J. Doonan, H. Furukawa, R. Banerjee and
O. M. Yaghi, J. Am. Chem. Soc., 2008, 130, 12626-12627.

31 G. Wittig and G. Geissler, Ann., 1953, 580, 44-57.

32 K. Sonogashira, Y. Tohda and N. Hagihara, Tetrahedron Lett.,
1975, 16, 4467-4470.

33 G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi,
G. Resnati and G. Terraneo, Chem. Rev., 2016, 116, 2478-
2601.

34 A. Priimagi, G. Cavallo, P. Metrangolo and G. Resnati, Acc.
Chem. Res., 2013, 46, 2686-2695.

35 L. Brammer, Faraday Discuss., 2017, 203, 485-507.

36 C.]. Kassl, D. C. Swenson and F. C. Pigge, Cryst. Growth Des.,
2015, 15, 4571-4580.

37 T.Imakubo, H. Sawa and R. Kato, Synth. Met., 1995, 73, 117—
122.

38 P. Metrangolo, Y. Carcenac, M. Lahtinen, T. Pilati,
K. Rissanen, A. Vij and G. Resnati, Science, 2009, 323,
1461-1464.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

39 N. B. Desai, N. McKelvie and F. Ramirez, J. Am. Chem. Soc.,
1962, 84, 1745-1747.

40 A. J. Speziale and K. W. Ratts, J. Am. Chem. Soc., 1962, 84,
854-859.

41 P. Michel, D. Gennet and A. Rassat, Tetrahedron Lett., 1999,
40, 8575-8578.

42 G. Chelucci, Chem. Rev., 2012, 112, 1344-1462.

43 J. Uenishi and K. Matsui, Tetrahedron Lett., 2001, 42, 4353-
4355.

44 ]. Uenishi, K. Matsui and H. Ohmiya, J. Organomet. Chem.,
2002, 653, 141-149.

45 W. Ye, J. Mo, T. Zhao and B. Xu, Chem. Commun., 2009, 3246
3248.

46 K. Jouvin, A. Coste, A. Bayle, F. Legrand, G. Karthikeyan,
J. Tadiparthi and G. Evano, Organometallics, 2012, 31,
7933-7947.

47 P. Wolkoff, Can. J. Chem., 1975, 53, 1333-1335.

48 C. B. Aakerdy, A. Rajbanshi, P. Metrangolo, G. Resnati,
M. F. Parisi, J. Desper and T. Pilati, CrystEngComm, 2012,
14, 6366-6368.

49 N. K. Beyeh, F. Pan and K. Rissanen, Angew. Chem., Int. Ed.,
2015, 54, 7303-7307.

50 O. Dumele, B. Schreib, U. Warzok, N. Trapp, C. A. Schalley
and F. Diedrich, Angew. Chem., Int. Ed., 2017, 56, 1152-1157.

51 C.].Massena, N. B. Wageling, D. A. Decato, E. M. Rodriguez,
A. M. Rose and O. B. Berryman, Angew. Chem., Int. Ed., 2016,
55, 12398-12402.

52 L. Turunen, A. Peuronen, S. Forsblom, E. Kalenius,
M. Lahtinen and K. Rissanen, Chem. - Eur. J., 2017, 23,
11714-11718.

53 N. R. Rightmire and T. P. Hanusa, Dalton Trans., 2016, 45,
2352-2362.

54 P. R. Jones, Ambix, 2013, 40(2), 65-74.

55 V. P. Balema, J. W. Wiench, M. Pruski and V. K. Pecharski, J.
Am. Chem. Soc., 2002, 124, 6244-6245.

56 K. L. Denlinger, L. Ortiz-Trankina, P. Carr, K. Benson,
D. C. Waddell and J. Mack, Beilstein J. Org. Chem., 2018,
14, 588-696.

57 J. G. Hernandez, K. J. Ardila-Fierro, S. Gomez, T. Stolar,
M. Rub¢i¢, E. Topi¢, C. Z. Hadad and A. Restrepo, Chem. -
Eur. J., 2023, €202301290.

58 K. J. Ardila-Fierro, M. Rub¢i¢ and J. G. Hernandez, Chem. -
Eur. J., 2022, €202200737.

59 S. Lukin, M. Tireli, I. Lonéari¢, D. Barisi¢, P. Sket,
D. Vrsaljko, M. di Michiel, J. Plavec, K. Uzarevi¢ and
1. Halasz, Chem. Commun., 2018, 54, 13216-13219.

60 J. L. Atwood, L. J. Barbour and A. Jerga, Angew. Chem., Int.
Ed., 2004, 43, 2948-2950.

61 C. M. Kane, A. Banisafar, T. P. Dougherty, L. J. Barbour and
K. T. Holman, J. Am. Chem. Soc., 2016, 138, 4377-4392.

62 D. A. Fulmer, W. C. Shearouse, S. T. Mendoza and J. Mack,
Green Chem., 2009, 11, 1821-1825.

63 L. Chen, D. Leslie, M. G. Coleman and J. Mack, Chem. Sci.,
2018, 9, 4650-4661.

64 R. Thorwirth, A. Stolle and B. Ondruschka, Green Chem.,
2010, 12, 985-991.

Chem. Sci., 2024, 15, 298-306 | 305


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04615f

Open Access Article. Published on 28 November 2023. Downloaded on 2/7/2026 12:41:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

65 S. Xin, Y. Han, X. Wang, Y. Ni and J. Wu, Angew. Chem., Int.
Ed., 2022, €202209448.

66 J. Sauri, J. F. Espinosa and T. A. Parella, Angew. Chem., Int.
Ed., 2012, 51, 3919-3922.

306 | Chem. Sci., 2024, 15, 298-306

View Article Online

Edge Article

67 R. Appel and W. Morbach, Synthesis, 1977, 10, 699-700.

68 K. E. Riley, ]. S. Muray, ]J. Fanfrlik, J. Reza¢, R. J. Sola,
M. C. Concha, F. M. Ramos and P. Politzer, J. Mol. Model.,
2011, 17, 3309-3318.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04615f

	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...
	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...
	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...
	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...
	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...
	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...
	Supramolecular tnqh_x201Cbaking powdertnqh_x201D: a hexameric halogen-bonded phosphonium salt cage encapsulates and functionalises small-molecule...


