Open Access Article. Published on 20 May 2024. Downloaded on 7/19/2025 8:05:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

CrystEngComm

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: CrystEngComm, 2024, 26,
3088

Received 3rd May 2024,
Accepted 17th May 2024

DOI: 10.1039/d4ce00441h

rsc.li/crystengcomm

The atypical solubility of silver(i)
pentafluorobenzoate and its use as a catch-and-
release agentt

Jas S. Ward ©

Silver() pentafluorobenzoate (1) possesses an atypical solubility for a silver()) carboxylate, demonstrating
solubility in a range of etheric and aromatic solvents. This versatile solubility has been probed
crystallographically by single-crystal X-ray diffraction (SCXRD) due to the myriad of solid-state structures
that were isolated from a variety of solvents, providing insights into how 1 can be utilised as a reuseable
crystallisation aid. This potential as a reuseable ‘catch-and-release’ agent to obtain the solid-state
structures of liquid natural products was screened with the racemic dihydrocarvone, achiral eucalyptol, and
the chiral R-carvone, and found to be viable. The results of these screenings demonstrated improved
crystallographic outcomes than other prior attempts utilising different methodologies (e.g., encapsulation).

Introduction

The chemistry of silver is rich, diverse, and stretches back
centuries. The flexibility of silver to accommodate a myriad of
coordination numbers (commonly ranging from 2-6)," its
straightforward incorporation into molecules, its ability to
cleanly form insoluble halide salts via metathesis, and
commercial availability have all contributed to its continued
utility in the present.

A renewed interest in silver(1) carboxylates has been driven
by the recent revival of carbonyl hypoiodite chemistry, for which
the analogous silver(i) carboxylates are their synthetic
precursors.>” The intrinsic heteroleptic nature of stabilised
carbonyl hypoiodites has facilitated the closest observation of
the elusive iodine(i)}-pyridine cation to date,® a pursuit that
might be furthered through the use of strongly electron-
withdrawing substituents on the carboxylate being incorporated
into the hypoiodite moiety. Known since 1967,° silver(1) penta-
fluorobenzoate has already found utility being generated in situ
for incorporation into coordination polymers and clusters,”"°
and therefore presented itself as a natural progression for future
hypoiodite studies.

Silver(i) carboxylates typically have negligible solubility,
necessitating strongly polar solvents like (CH3),SO (DMSO) to
effect dissolution for subsequent solution-based studies, though
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this solubility is concomitant with decomposition of the
complex on a timescale of hours to sometimes minutes.
Attempts to generate more soluble silver(i) carboxylates have
included the silver() derivative of pivalic acid, silver(1) pivalate
(AgCO,Bu),” though even this complex still required strongly
polar solvents to dissolve it. The recalcitrant nature of silver(i)
carboxylates is aptly explained via the solid-state structure of
silver(i) pivalate, which revealed a polymeric bilayer structure of
Ag---O interactions (Fig. 1).> However, the effective insolubility
of silver(1) carboxylates does contribute to their straightforward
synthesis in H,0O, given that all starting materials, side-
products, and potential impurities can be washed out of the
products, nor did it hinder their use as intermediates toward
the formation of carbonyl hypoiodites.*™®

Fig. 1 The solid-state (left; dimeric subunits of the upper layer block
coloured for clarity) and structural (right; dashed bonds highlighting
the connectivity of dimeric subunits along the layer [black] and
between the layers [red]) representations of the polymeric bilayer
structure previously observed for (AgCO,'Bu),.®

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 The one-pot synthesis of complex 1 from penta-
fluorobenzoic acid via its sodium salt by cation exchange using AQNOs.

Results and discussion
Synthesis and solubility

Silver(1) pentafluorobenzoate (1) was synthesised in effectively
quantitative yield from pentafluorobenzoic acid via formation
of the sodium salt using NaOH, followed by cation exchange
of the sodium with silver(r) using AgNO; (Scheme 1).
However, given the atypically soluble nature of 1, the work-up
diverges from that of other silver(i) carboxylates by Et,O
extraction of the product from the H,O reaction mixture,
yielding the product in 99% yield upon evaporation under
reduced pressure of the Et,O extract. This method can be
completed in its entirety on a gram scale in under an hour,
and is therefore preferred over prior methods in the
literature."' ™"

Initially intrigued by the unexpected solubility of 1 in both
Et,0 and H,0,i a range of other ethers were explored.
Complex 1 was found to be soluble in Et,O, iPr,0, ‘BuOMe,
Ph,0, Bn,O, THF, and dioxane, which with the exception of
Bn,O, were all without decomposition. The more polar
solvents MeOH, EtOH, iPrOH, MeOAc, EtOAc, acetone, MeCN,
pyridine, (CH3),NC(O)H (DMF), (CH;),SO were also found to
dissolve 1. However, visually-apparent decomposition in
solution of the silver(i) to silver(0) was observed (sometimes
within seconds) for MeOH, EtOH, MeCN, (CH;),NC(O)H, and
(CH3),S0O. Given the well-established precedence of arene
adducts of AgClO,,"""™ the aromatic solvents benzene,
toluene, p-xylene, chlorobenzene, and nitrobenzene were also
tested, and all were found to dissolve 1. It would perhaps be
more expedient to list the common solvents in which 1 was
found to have negligible solubility: alkanes, CH,Cl,, and
CHCl;. Though it might be tempting to think that the
atypical solubility of 1 is a property that would be shared by
other analogous strongly electron-withdrawing silver(i)
carboxylates, the silver(i) complexes of CF;CO,, 4-BrC¢H,CO,,
and 4-NO,C¢H,CO, only demonstrate partial solubility in
strongly polar solvents such as (CH;),SO.> Whilst the good
solubility of 1 is unusual for a silver(i) carboxylate, it is
reminiscent of silver(i) trifluoromethanesulfonate (AgOTf), for
which there are numerous prior examples of its derivatives
serendipitously forming adducts via the silver(1) centre with
organic solvents (e.g., Et,O, tetrahydrofuran) in the solid
state.»¢"?

1 1 as the monohydrate is known (QOJDAV).*®
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Solution studies

Despite the lack of hydrogen atoms, NMR spectroscopy was
initially thought to be an ideal technique to study the effects
of potential adduct formation, however, >*C NMR studies in
multiple different solvents failed to observe the adduct or
even the C4Fs resonances, suggesting fluxionality on the
NMR timescale. Nevertheless, the '°F NMR resonances were
clearly observed, though differences originating from the
formation of potentially different adducts was difficult to
differentiate from simple solvent effects, with differences of
~1-3 ppm for the various solvents attempted (C¢Ds, ds-THF,
CD;CN, and (CDj3),SO). The solid-state IR of 1 was similarly
limited, due to the absence of the strong C=O stretch
observed at 1710 cm™ for pentafluorobenzoic acid, and the
unchanged stretch at 1648 cm™' observed in both the
precursor acid and in 1. It should be noted that the
desolvating nature of the adducts of 1, though minimal for
most of the solvents tested herein, hindered some solid-state
studies (e.g., IR, TGA) of these combinations.

Solid-state studies

Crystal engineering is an important aspect of silver(i)
salts,?™>* especially with respect to the formation of silver(i)
arene complexes.>*** Investigating new types of crystalline
silver() materials by incorporating so called super-weak
anions such as [By,Fp,]”,, is widely pursued toward
ultimately preparing significantly more reactive metal
centres than with traditional anions (e.g., BF,, PFs, ClO,,
etc.).***® Owing to the widely soluble nature of 1, a myriad
of solid-state structures of solvent adducts of 1 could be
prepared by vapour diffusion and determined via single-
crystal X-ray crystallography (SCXRD; Fig. 2 and Tables S1
and S2t). This offered a rare opportunity to study a large
subset of solvated solid-state structures of the exact same
parent complex, from which direct comparisons could be
drawn with respect to the differing coordinating groups of
the solvents explored. However, whilst a few of the solid-
state structures herein can be considered as solvated
structures of 1, ie., with solvent molecules trapped in a
cavity or coordinated by very weak interactions, the majority
of the solid-state structures are adducts of 1, the advantages
of which will be discussed below.

The solid-state structures of 1 could be broadly
differentiated into two groups: oxygen-adducts and
n-adducts. The ethers Et,O, ‘BuOMe, THF, and dioxane were
found to be straightforward oxygen-coordinated adducts to
the silver() metal centre. 'Pr,0 was also presumably
behaving in an analogous fashion as it was able to dissolve
1, though it could not be confirmed in the solid state.
These oxygen-bound adducts featured similar Ag-O bond
lengths of 2.476(6) A (1-Et,0), 2.482(1) A (1-THF), 2.518(1) A
(1'BuOMe), and 2.464(2)-2.7747(19) A (1-Dioxane), as
expected for their similar electronic and steric
environments. The adducts 1-Et,O, 1-THF, and 1-BuOMe
crystallised in 1:1 [1]:[adduct] ratios, and retained the
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2.652(6)/
2.714(9) A

2.752(7) A

Fig. 2 The solid-state structures of A) 1.'BuOMe, B) 1-Benzene, and C)
1.MeOAc) with the silver()-adduct interaction distances annotated, as
representative examples of the functional group variability (ethers,
arenes/alkenes, ketone/esters, respectively) possible for adduct
formation with 1 (thermal ellipsoids at 50% probability).

dimeric subunits of 1 in their packing as 1D chains via
Ag---O interactions to two neighbouring dimeric subunits.
However, whilst the bidentate nature of dioxane yielded the
same [1]:[adduct] ratio of 1:1 in 1-Dioxane (not including
an additional 0.125 molecules of solvated dioxane that were
also present), it was observed as 2D sheets in their packing,
with dioxane adducts bridging across two different dimeric
subunits of 1.

To test if 1 could be used productively to trap previously
unknown liquid substrates, the tetrahydropyran derivative
isochroman was attempted. This proved successful in an
analogous fashion to the other etheric substrates, yielding
1-Isochroman, which is the first time isochroman has been
observed in the solid state (Fig. 3). Interestingly, the solid-
state structure contained both an adduct and a solvate
molecule of isochroman per molecule of 1. However, though
both crystallographically independent molecules were
observed with minor disorder of the flexible heterocyclic ring,
the benefits of adduct formation over simple solvation were
demonstrated by the more reliable assignment of the oxygen
atom in the adduct due to the presence of the Ag-O
coordination bond.

The arene solvents all featured close n' Ag---C(H)
interactions of 2.650(2) A (1-p-Xylene), 2.652(6) A (1-Benzene),
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Fig. 3 The solid-state structure of 1.Isochroman, showing the
coordinated and solvated molecules of isochroman (minor disordered
positions omitted for clarity; thermal ellipsoids at 50% probability).

2.710(8) A (1-Toluene), and 2.97(2) A (1-Chlorobenzene),§
which were both longer and comparable to the n’silver(i)
arene complexes with the OTf anion (cf 2.387(2)/2.698(4) A
for [Ag(benzene)]OTf or 2.452(3)/2.474(3) A for [Ag(toluene)]
OTf),”” and only slightly longer than the Ag--C(H) of
2.563(1)/2.563(1) A observed for [Ag(benzene)]Cl0,.>* The
solid-state packing of 1-Benzene and 1-p-Xylene were found
to be comparable to their etheric counterparts, with 1D
chains comprised of the same dimeric subunits of 1
coordinating via Ag---O interactions and [1]:[adduct] ratios
of 1:1. However, the structure of 1-Toluene was found adopt
a more involved network. The solid-state structure of
1-Toluene comprised of only a single toluene adduct
arranged axially along one side of the 1D chain of dimeric
subunits of 1, and with a lower [1]:[adduct] ratio of 2:1
compared to the 1:1 ratios of 1-Benzene and 1-p-Xylene that
demonstrated alternating axial adducts on each side of the
dimeric subunits of 1. However, unlike benzene and p-xylene
in 1-Benzene and 1-p-Xylene, respectively, the toluene
molecules in 1-Toluene bridged across two 1D chains via an
M Ag---aryl interaction with Ag---C(H) distances of 2.776(8)/
2.811(8) A (Fig. 4), which were only slightly longer than the
n' Ag---C(H) (¢f 2.710(8) A). However, the cause of this
interesting bridging interaction was not readily apparent,
given that the less sterically hindered benzene and more
electron-rich arene system of p-xylene do not demonstrate
the same behaviour, and instead mimic the solid-state
packing of their etheric analogues (¢f 1-Et,O, 1-THF,
1-‘BuOMe).

The solid-state structure of 1 grown from acetone
remained elusive due to rapid desolvation, and that of EtOAc
was observed to have heavily disordered channels of
overlapping partial-occupancy EtOAc molecules, negating the
reliability of its solid-state structure. Nevertheless, the solid-

§ The solid-state structures of 1-Chlorobenzene featured a symmetry-disordered
and partial-occupancy chlorobenzene molecule, which by necessity had to be
modelled isotropically. Therefore, the reliability of the value of its Ag:--C(H)
interaction is diminished in comparison to the other 1-[arene] structures.

This journal is © The Royal Society of Chemistry 2024
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2.776(8)/
2.811(8) A

Fig. 4 The bridging toluene molecules between 1D chains of dimeric
subunits of 1 via m-interactions (dashed blue lines) in the solid-state
packing of eight molecules of 1-Toluene (CgFs substituents omitted for
clarity; thermal ellipsoids at 50% probability).

state structure of 1-MeOAc, which straddled two adjacent
silver(i) dimers via C=O---Ag interactions of 2.752(7) and
3.253(7) A, definitively confirmed that 1 could also be
successfully implemented to immobilise ketones and esters.
However, the MeOAc in 1-MeOAc could be described as a
solvate rather than an adduct given the long Ag-—-O
interactions (¢f Ag-O ~ 2.2-2.4 A) and minimal MeOAc
present per molecule of 1 ([1]:[solvate] = 4:1).

The mixed etheric-aromatic solvents Ph,O and Bn,O were
tested to probe the steric limitations and preferences of 1,
given their duality in potentially forming both oxygen- and
n-adducts with 1. Unfortunately, Bn,O was found to react
with 1 yielding 1-AgBenzoate, which was not pursued further.
Nevertheless, Ph,O did successfully form an adduct with 1,
which was revealed to be an n'-adduct with a Ag---C(H) of
2.684(4) A, comparable to the n'-adducts of 1 observed for
benzene, toluene, and p-xylene.

Given the option to potentially form both oxygen- and
n-adducts, it is surprising that 1-Ph,0 would assume what is
considered the weaker of the two interactions in the solid
state. However, this can be attributed to the steric bulk of the
phenyl rings preventing an oxygen-adduct from forming
within the preferred packing of the 1D chain of the dimeric
subunits of 1. Another factor is the ability of both phenyl
rings of Ph,0 to form m-adducts (Fig. 5), even if the second
n-adduct is an > Ag--arene interaction with comparably
longer Ag---C(H) distances of 3.147(4)/3.255(5) A compared to
the primary n'-adduct of the other phenyl ring (2.684(4) A),
and similar to the two sets of m-adducts observed for each
molecule of toluene in 1-Toluene.

A general examination of the packing architectures of the
solid-state adducts reveal that they are predominantly
comprised of argentophilic dimeric subunits (Ag::-Ag =
2.7370(11)-3.0674(11) A) that pack as 1D chains via pairs of
Ag---O interactions to two neighbouring dimeric subunits,
with adducts situated axially on the silver(i) atoms of the
chain alternating above and below the chain in an overall
ratio of 1:1 for [1]:[adduct] (Fig. 6). The exceptions to the
aforementioned packing included 1-Dioxane, which formed

This journal is © The Royal Society of Chemistry 2024
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3.147(4)/
3.255(5) A

2.684(4) A

Fig. 5 The n' and n? n-adducts (dashed blue lines) formed by a single
molecule of Ph,O over two dimeric subunits of 1 in 1.Ph,O (second
molecule of Ph,O omitted for clarity; thermal ellipsoids at 50%
probability).

adducts via both oxygen atoms to give 2D sheets connected
via the same Ag---O interactions in an 8:9 ratio of [1]:
[dioxane], though that includes a single molecule of non-
coordinating dioxane (ie, still a 1:1 ratio for adduct
formation with 1). Other exceptions to the 1:1 ratio of [1]:
[adduct] were 1-Toluene (2:1), 1-Chlorobenzene (1:0.33),
1-Ph,0 (2:1, though this can be considered a 1:1 ratio per
coordinating phenyl ring), 1-MeOAc (4:1), and 1-Eucalyptol
(3:2; vide infra). Given the wide range of adducts observed
for 1 (including arene adducts), and despite it possessing a
historically strongly-coordinating carboxylate-based ‘anion’, it
might be apt to regard 1 as more akin to the super-weak
anions currently under research for crystal engineering
applications.

Catch-and-release agent

The co-crystallisation of liquid-phase natural products, e.g.,
essential oils, to obtain their solid-state structures is an
established method to circumvent, as Fujita aptly stated, “the
intrinsic limitation that the target molecules must be
obtained as single crystals”.*° Nevertheless, such methods
have historically relied upon the formation of strong
intermolecular interactions like hydrogen bonding,**** which

necessitates the presence of hydrogen-bond capable donor

Fig. 6 A dimeric subunit of 1.THF (left; thermal ellipsoids at 50%
probability) and the alternating axial coordination of the THF adducts
in a 1D chain of eight molecules of 1.THF (right) above and below the
plane (block coloured green and purple, respectively) of the polymeric
chain of dimeric subunits of 1.

CrystEngComm, 2024, 26, 3088-3097 | 3091
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and acceptor functional groups. In the absence of such
functional groups, and their strong intermolecular forces
directing the solid-state packing of these co-crystallisations,
methodologies have instead shifted to trapping the liquid
substrates within cavities or inside porous networks.>®?*>73°
These methodologies are impressive in the scope of their
substrates  successfully co-crystallised, especially for
substrates that lack any readily-exploited functional groups
(e.g., alkanes).>*> However, the required porosity of such
networks can result in large unit cells comprised of primarily
light-atom molecules (Z < Si) can act as double-edged
swords, given that such systems can necessitate the use of
powerful synchrotron radiation sources.®” This in turn results
in other common limitations of macro-molecular
crystallography, e.g., high R-factors (R[F> > 24(F*)] > 5%)
relative to the crystallography of small discrete molecules. It
is in this respect that 1 may offer advantages over other prior
co-crystallisation methodologies.

The adduct formation of 1 with ethers, arenes, and ketones/
esters demonstrates the same ability to direct the orderly
packing of the adduct co-crystals with 1 as observed for
hydrogen-bond directed co-crystals, but without the presence of
a strong intermolecular interaction such as hydrogen bonding.
As a result of this weak adduct formation, a surprising outcome
of co-crystallisations of 1 was the ability to recover it after
adduct formation (for solvents where decomposition had not
been observed) through simple evaporation. Similar recovery
and reuse had been previously reported for the closely-related
AgOTf salt when it was utilised as a catalyst.>® Isolation of the
liquid substrates could also be envisioned through the same
evaporation process, if desired, though was not attempted
herein. Subsequent reuse of the recovered 1 with other solvents
could then generate new adducts. A test sample was successfully
reused five times to form various etheric or aromatic adducts,
as confirmed from the crystallographic unit cells by SCXRD,
and most of the X-ray datasets reported herein were themselves
grown from recovered samples of 1. It was envisioned that this
ability would be an attractive feature for organic chemists to
crystallise liquid-phase natural products, without the need for
low-temperature  crystallisation or advanced in  situ
crystallisation techniques, followed by sample recovery via
evaporation. This ‘catch-and-release”* agent would minimise
the amount of substrate consumed to attempt crystallisation,
which would be ideal for natural products where the amount of
sample is limited (e.g., if they are difficult to synthesise or
isolate). In this way, 1 can be favourably likened to Fujita's
crystalline sponges,***>*¢ with 1 being easier to produce, and
the resulting crystallographic modelling being generally more
straightforward. Additional benefits would include the presence
of an atom of greater atomic number than Si (i.e., Ag), which
would permit the absolute stereochemistry to be assigned for
exclusively light-atom molecules even using Mo radiation X-ray
diffractometers, which may prove challenging with the
crystalline sponge methodology.****

To test this potential of 1, four additional liquid substrates

were screened: the cyclic ethers 2-methyltetrahydrofuran
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(2-MeTHF; racemic) and eucalyptol, as well as the ketone- and
alkene-containing dihydrocarvone (racemic) and R-carvone. All
substrates were able to successfully dissolve a sample of 1, with
crystals successfully obtained for all of them (1-2-MeTHF,
1-Eucalyptol, 1-Dihydrocarvone, and 1:-R-Carvone) via pentane
vapour diffusion. The 2-MeTHF adduct in 1-2-MeTHF was
coordinated via the oxygen atom (Ag-O = 2.40(2)/2.42(1) A) and
did not display any narcissistic self-sorting of the R and S
enantiomers, with both crystallising together in the solid-state
structure. Similarly, dihydrocarvone also crystallised as the
racemate in a 1:1 ratio with 1 (1-Dihydrocarvone), coordinating
via the oxygen atom of its carbonyl group with a Ag-O bond
length of 2.490(2) A). No solid-state structure of dihydrocarvone
previously existed in the literature, highlighting the potential of
1 to elucidate new structures. Whilst 1 had some solubility in
neat dihydrocarvone, screening tests revealed that the use of a
1:1 dihydrocarvone : acetone mixture proved best to yield single
crystals, with acetone being seen as an ideal co-solvent given its
excellent solubility toward 1, coupled with its aforementioned
highly-labile nature as an adduct/solvate of 1. This further
demonstrates the potential applicability of 1 with substrates in
which it has limited solubility through the use of co-solvents
like acetone that form highly-labile adducts/solvates and are
therefore easily out-competed by other substrates. Additionally,
the use of a mixture of solvents can help reduce the amount of
substrate used, should they be expensive or difficult to synthesise.
The achiral 1-Eucalyptol was also observed as an oxygen adduct
(Ag-O = 2.367(3)/2.409(3) A). The solid-state structure of
eucalyptol was previously obtained via in situ crystallisation and
co-crystallisation with 1,4-dihydroxyenzene."**** However, the
crystals of 1-Eucalyptol could be prepared overnight without the
need for low-temperature crystallisation, and the stronger Ag-O
adduct formation provided crystals that did not suffer from the
rapid desolvation reported for the 1,4-dihydroxyenzene co-
crystal,” which is beneficial for subsequent handling during
SCXRD studies. Lastly, the enantiopure configuration of
R-carvone in 1-R-Carvone was successfully determined
crystallographically via refinement of the Flack parameter in the
non-centrosymmetric C2 space group. The R-carvone was
observed to coordinate via both its oxygen and terminal alkene,
bridging across two 1D chains of 1 (Fig. 7), reminiscent of the
previously discussed coordination of 1-Dioxane.

The solid-state packing of these natural-product co-crystals
of 1, as observed for the other simpler adducts described
previously, retained their dimeric subunits of 1 upon adduct
formation, with Ag---Ag distances of 2.8598(4)/2.8835(4) A for
1-Eucalyptol, 2.8451(4) A for 1-Dihydrocarvone, and 2.795(1)/
2.982(1) A for 1.-R-Carvone. The structures were also
analogously observed as 1D chains in their packing via Ag---O
interactions between neighbouring dimeric subunits of 1,
with Ag:--O distances of 2.461(3)-2.541(2) A (1-Eucalyptol),
2.496(2) A (1-Dihydrocarvone), and 2.384(3)-2.522(3) A (1-R-

9§ There was disorder in the position of the silver(i) atoms in 1-R-Carvone, which
created ambiguity between the distances of the Ag:--O and Ag--C(H, = C)
interactions of the R-carvone with 1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 The solid-state structure of 1-R-Carvone illustrating the
R-carvone molecule bridging across two 1D chains of 1 via both its
terminal alkene (dashed blue lines) and oxygen atom (minor disordered
position omitted for clarity; thermal ellipsoids at 50% probability).

Carvone). Finally, it should be noted that the natural-product
crystals of eucalyptol or R-carvone with 1, despite
crystallographic disorder being present in both, gave excellent
SCXRD structures with R{/WR, values of 3.1/8.0% and 2.2/
5.3%, respectively, which have lower R; values for both
substrates in comparison to all prior literature structures.'
The structure of dihydrocarvone (1-Dihydrocarvone) was
without any apparent disorder present and was also of
excellent quality (R;/WR, = 2.7/6.0%), though there were no
literature examples for comparison. The 1-Eucalyptol
structure (3.1%) is comparable to the R, values of the several
hydrogen-bonded co-crystals of eucalyptol (ranging from 4.6
to 8.3%)**" and the low-temperature isolated structure
(4.7%),"* and a notable improvement over encapsulation
within a porous organic cage (11.3%).** Similarly, 1-R-Carvone
(2.2%) is comparable to the R; values of hydrogen-bonded
(4.2%)"° or organic co-crystals (4.3 and 5.1%)** of R-carvone,
as well as the low-temperature isolated structure (3.0%),"”
whilst again being an improvement over co-crystallisation
within porous organic cages (ranging from 7.1 to
15.3%).1>1849

Conclusions

In conclusion, the easy to synthesise complex silver(1) penta-
fluorobenzoate (1) was found to be soluble in a myriad of
organic solvents, which was atypical when compared to other
silver(r) carboxylates, even those incorporating similarly
strong electron-withdrawing substituents on the carboxylates.
Solid-state adducts of 1 could be straightforwardly
crystallised for liquid substrates coordinated via a range of
functional groups including ethers, ketones, esters, alkenes,
and arenes. The ease and low cost of synthesising 1 in bulk
also makes it ideal for the inexpensive, large-scale screening
of substrates (including determination of their absolute
stereochemistry), such as liquid-phase natural products that
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are of interest to researchers. The possibility of using
substrate : acetone solvent mixtures for crystallisation also
present an economic pathway should the natural products be
expensive or difficult to synthesise. After SCXRD studies, 1
could often be recovered from these substrates by
evaporation and subsequently reused; a favourable trait
toward the pursuit of greener chemistry. The adducts of 1
with isochroman and dihydrocarvone also served to highlight
the potential of 1 to yield previously unreported solid-state
structures of liquid substrates. The solid-state structures of
the natural-product adducts of 1 tested herein demonstrated
excellent crystallographic metrics, which were found to have
improved outcomes compared to those from other
methodologies like encapsulation. Just as mechanochemical
techniques minimise environmental impact by circumventing
the use of toxic solvents like CH,Cl,,°” the recovery and
reuse of crystallisation materials, as demonstrated with 1
herein, could offer an environmentally-friendly alternative
when attempting to prepare suitable crystals for SCXRD.

Experimental
General considerations

All reagents and solvents were obtained from commercial
suppliers and used without further purification. For structural
NMR assignments, "°F NMR spectra were recorded on a Bruker
Avance 300 MHz spectrometer to an external KF standard, with
chemical shifts reported on the J scale in ppm to a CFCl;
standard calculated from the following conversion: [chemical
shift referenced to CFCl;] = (-125.3 ppm + [chemical shift
referenced to KF]). Multiplicities are denoted as: s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), and br (broad).
Infrared (IR) spectra were recorded on a Bruker Tensor 27 FT-IR
spectrometer.

The single crystal X-ray diffraction (SCXRD) data were
collected at 120 K using mirror-monochromated Cu-Ko (4 =
1.54184 A) radiation on a Rigaku XtaLAB Synergy-R
diffractometer with a HyPix-Arc 100 detector. All structures
were solved by intrinsic phasing (SHELXT)’® and refined by
full-matrix least squares on F> using Olex2,”* utilising the
SHELXL module.”> Anisotropic displacement parameters
were assigned to non-H atoms and isotropic displacement
parameters for all H atoms were constrained to multiples of
the equivalent displacement parameters of their parent
atoms with Ujgo(H) = 1.2 Ueq(CH) or 1.5 U.q(CH,, CH;, OH) of
their respective parent atoms. The X-ray single crystal data
and CCDC numbers (2310151-2310162, 2311134) of all new
structures are included below, excluding the connectivity
model for 1-Chlorobenzene.

Synthesis and characterisation

AgCO,CeF5 (1). The synthesis of 1 was performed as
previously described for analogous silver(1) carboxylates,>”
but with a different work-up due to its atypical solubility. A
solution of NaOH (0.200 g, 5 mmol) in H,O (5 mL) was added
to a white suspension of pentafluorobenzoic acid (1.061 g, 5
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mmol) in H,O (10 mL) to give a colourless solution. A
solution of AgNO; (0.850 g, 5 mmol) in H,O (10 mL) was
added to the reaction mixture to give some white precipitate.
Stirred for 15 minutes, then the product was extracted with
Et,O (4 x 50 mL). All volatiles were removed under reduced
pressure from the Et,O extract to give the product as a white
solid. Yield = 1.575 g (4.94 mmol, 99%).

1 (in (CD;),S0). F NMR (282 MHz, (CD;),SO) ¢ —202.23
(dd, J = 25.7, 8.1 Hz), -218.13 (t, = 21.6 Hz), —221.44 (td, J =
25.6, 8.4 Hz). N.B. Even though the sample was collected
within 5 minutes of dissolution in (CDj;),SO, two minor
additional sets of '°F NMR resonances were observed due to
decomposition of 1.

1 (in CD;CN). "°F NMR (282 MHz, CD;CN) § -203.54 (dd, J
=23.6, 8.4 Hz), —219.89 (t, J = 19.8 Hz), —223.37 (td, J = 23.5,
8.5 Hz).

1 (in dg-THF). °F NMR (282 MHz, dg-THF) 6 —201.39 (dd, J
=23.0, 8.2 Hz), —217.62 (t, J = 20.3 Hz), —223.33 (td, J = 23.1,
8.4 Hz).

1 (in C¢Dg). "F NMR (282 MHz, C¢Dg) J —200.53 (dd, J = 23.6,
7.8 Hz), —214.33 (t, ] = 21.2 Hz), —221.02 (td, J = 22.7, 7.2 Hz).

SCXRD

Adduct synthesis. The synthesis of the crystalline adducts
were all performed in the same general manner (with the
exception of 1-Et,0 and 1-Dihydrocarvone; vide infra): ~5 mg
of 1 would be dissolved into the desired adduct (1 mL), then
set-up as a vapour diffusion crystallisation with pentane (4
mL) as the anti-solvent for 1-3 days at ambient temperature.

(AgCO,C¢F5-C4H;00), (1-Et,0). Crystals suitable for single
crystal X-ray diffraction were obtained by partial evaporation
of a Et,O solution of 1 at ambient temperature (N.B. crystals
of 1-Et,O rapidly desolvate (<30 seconds), and therefore
complete evaporation of the sample will not yield crystalline
samples). Crystal data for 1-Et,0: CCDC-2310151, C;,H;,AgF5-
O3, M = 393.06, colourless plate, 0.01 x 0.06 x 0.15 mm,
triclinic, space group P1 (no. 2), a = 5.4941(2) A, b = 9.8998(3)
A, ¢ = 12.7267(5) A, a = 82.824(3)°, f = 80.970(3)°, y =
75.189(3)°, V = 658.31(4) A®, Z = 2, Deqie = 1.983 gem ™, F(000)
=384, g = 12.94 mm Y, T = 120.0(1) K, Opax = 74.5°, 2554
independent reflections, 2411 with I, > 20(l,), Rine = 0.071,
2554 data, 216 parameters, 89 restraints, GooF = 1.07, 1.50 >
Ap > —0.82 e A7, R[F* > 20(F*)] = 0.045, wR(F*) = 0.131.

(AgCO,C6F5-C5H1,0),, (1-‘BuOMe). Crystals suitable for
single crystal X-ray diffraction were obtained from a ‘BuOMe
solution of 1 vapour diffused with pentane at ambient
temperature. Crystal data for 1-‘BuOMe: CCDC-2310152, C1,H;»-
AgFs0;, M = 407.09, colourless plate, 0.02 x 0.06 x 0.07 mm,
triclinic, space group P1 (no. 2), a = 5.59808(5) A, b =
10.23969(10) A, ¢ = 12.79989(10) A, a = 97.6393(7)°, S
96.3916(7)°, y = 102.3278(7)°, V = 703.01(1) A*, Z = 2, Deye =
1.923 gem ™, F(000) = 400, g = 12.15 mm ", T = 120.0(1) K, Opayx =
74.5°, 2849 independent reflections, 2791 with 1, > 20(l,), Rint =
0.027, 2849 data, 194 parameters, no restraints, GooF = 1.06,
0.39 > Ap > —-0.37 e A, R[F* > 206(F)] = 0.014, wR(F?) = 0.033.
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(AgCO,C¢F5-C4Hg0),, (1-THF). Crystals suitable for single
crystal X-ray diffraction were obtained from a THF solution
of 1 vapour diffused with pentane at ambient temperature.
Crystal data for 1-THF: CCDC-2310153, C;;HgAgFs0;, M =
391.04, colourless block, 0.05 x 0.07 x 0.12 mm, triclinic,
space group P1 (no. 2), a = 5.5278(1) A, b = 8.6031(1) A, ¢ =
8.6031(1) A, a = 103.225(1)°, / = 94.823(2)°, y = 100.843(2)°, V
= 593.50(2) A®, Z = 2, Degie = 2.188 gem >, F(000) = 380, p =
14.35 mm™, T = 120.0(1) K, Omax = 74.5°, 2418 independent
reflections, 2357 with I, > 20(l,), Rin: = 0.028, 2418 data, 181
parameters, no restraints, GooF = 1.12, 0.39 > Ap > -0.46 e
A7, R[F* > 26(F?)] = 0.016, WR(F?) = 0.042.

(AgCO,C¢F5-CoH;10),-2(CoHy¢0) (1-Isochroman). Crystals
suitable for single crystal X-ray diffraction were obtained from
an isochroman solution of 1 vapour diffused with pentane at
ambient temperature. Crystal data for 1.Isochroman: CCDC-
2334781, C3,H0Ag,F10062(CoH100), M = 1174.56, colourless
plate, 0.03 x 0.03 x 0.11 mm, triclinic, space group P1 (no. 2), a
=7.2534(3) A, b = 11.0121(5) A, ¢ = 13.8225(6) A, « = 85.841(4)°, §
= 85.713(3)°, y = 84.263(3)°, V = 1093.11(8) A*, Z= 1, Deyic = 1.784
gem™, F(000) = 588, 4 = 8.08 mm ", T'= 120.0(1) K, Omay = 74.5°,
4439 independent reflections, 3829 with I, > 20(1,), Rinc = 0.052,
4439 data, 363 parameters, 38 restraints, GooF = 1.05, 1.53 > Ap
> -1.43 e A, R[F* > 20(F*)] = 0.036, wR(F*) = 0.079.

(AgCO,C¢F5-C4Hg0,),-0.125(C4HgO,) (1-Dioxane). Crystals
suitable for single crystal X-ray diffraction were obtained from a
dioxane solution of 1 vapour diffused with pentane at ambient
temperature. Crystal data for 1-Dioxane: CCDC-2310154, 2(C,,-
H16Ag,F1003)-0.5(C,HgO,), M = 1672.23, colourless plate, 0.03 x
0.09 x 0.16 mm, monoclinic, space group P2/n, a = 14.4142(1) A,
b =23.8477(1) A, ¢ = 15.1372(1) A, 8 = 93.326(1)°, V = 5194.58(5)
A3, Z =4, Deyie = 2.138 gem >, F(000) = 3264, ¢ = 13.25 mm ', T =
120.0(1) K, Opax = 74.5°, 10607 independent reflections, 9585
with I, > 20(l,), Rine = 0.025, 10607 data, 815 parameters, 36
restraints, GooF = 1.08, 0.39 > Ap > —0.64 e A%, R[F* > 20(F°)] =
0.020, WR(F?) = 0.054.

(AgCO,C¢F5-CeHs), (1-Benzene). Crystals suitable for single
crystal X-ray diffraction were obtained from a benzene
solution of 1 vapour diffused with pentane at ambient
temperature. Crystal data for 1-Benzene: CCDC-2310155, Cy6-
H;,Ag,F1004, M = 794.10, colourless needle, 0.01 x 0.01 x 0.13
mm, triclinic, space group P1 (no. 2), a = 5.69188(13) A, b =
12.5817(3) A, ¢ = 17.9282(6) A, a = 105.107(3)°, f# = 90.214(2)°,
y = 90.163(2)°, V = 1239.51(6) A, Z = 2, Degre = 2.128 gem 2,
F(000) = 768, y = 13.71 mm™", T = 120.0(1) K, Opmax = 74.5°,
5044 independent reflections, 4271 with I, > 20(I,), Rint =
0.040, 5044 data, 379 parameters, no restraints, GooF = 1.15,
1.91 > Ap > -1.39 e A, R[F* > 20(F*)] = 0.044, WR(F®) =
0.109.

(2(AgCO,CeF5)-C;Hg), (1-Toluene). Crystals suitable for
single crystal X-ray diffraction were obtained from a toluene
solution of 1 vapour diffused with pentane at ambient
temperature. Crystal data for 1-Toluene: CCDC-2310156, Cy,-
H;6Ag4F200s, M = 1460.03, colourless needle, 0.01 x 0.03 X
0.12 mm, monoclinic, space group P2,/n, a = 5.6097(1) A, b =
55.4509(15) A, ¢ = 13.6451(4) A, ff = 97.194(2)°, V = 4211.07(18)
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A3, Z = 4, Degie = 2.303 gem ™, F(000) = 2800, i = 16.05 mm %,
T = 120.0(1) K, Omax = 74.5°, 8525 independent reflections,
6833 with I, > 20(I,), Rine = 0.063, 8525 data, 669 parameters,
no restraints, GooF = 1.05, 0.85 > Ap > -1.00 e A, R[F* >
20(F?)] = 0.053, wR(F*) = 0.133.

(AgCO,CeF5-CgH1g), (1-p-Xylene). Crystals suitable for
single crystal X-ray diffraction were obtained from a p-xylene
solution of 1 vapour diffused with pentane at ambient
temperature. Crystal data for 1-p-Xylene: CCDC-2310157, Cys-
H,0AgFs0,, M = 425.10, colourless needle, 0.02 x 0.03 x 0.31
mm, monoclinic, space group P2,/n, a = 5.6950(1) A, b =
17.0008(3) A, ¢ = 14.7939(3) A, § = 97.036(2)°, V = 1421.55(5)
A3, Z = 4, Deyie = 1.986 gem >, F(000) = 832, g = 12.00 mm %, T
=120.0(1) K, Oiax = 74.5°, 2902 independent reflections, 2660
with I, > 20(I,), Rine = 0.043, 2902 data, 210 parameters, no
restraints, GooF = 1.05, 0.46 > Ap > —0.69 e A, R[F* >
20(F?)] = 0.023, wR(F?) = 0.059.

(4(AgCO,CeF5)-C3Hg0,), (1-MeOAc). Crystals suitable for
single crystal X-ray diffraction were obtained from a MeOAc
solution of 1 vapour diffused with pentane at ambient
temperature. Crystal data for 1-MeOAc: CCDC-2310158, C3;He-
Ag,F50019, M = 1349.84, colourless needle, 0.01 x 0.01 x 0.10
mm, triclinic, space group P1 (no. 2), a = 5.5552(2) A, b =
16.0610(7) A, ¢ = 20.9338(6) A, o = 74.645(3)°, = 89.103(3)°, y =
80.350(3)°, V = 1774.79(12) A%, Z = 2, Deye = 2.526 gem >, F(000)
= 1280, g = 19.00 mm*, T = 120.0(1) K, Opax = 74.5°, 7191
independent reflections, 4740 with I, > 20(L,), Rint = 0.090, 7191
data, 588 parameters, no restraints, GooF = 1.01, 0.80 > Ap >
-1.07 e A, R[F* > 26(F*)] = 0.047, WR(F?) = 0.092.

(2(AgCO,CeF5)-C1,H100), (1-Ph,0). Crystals suitable for
single crystal X-ray diffraction were obtained from a Ph,O
solution of 1 vapour diffused with pentane maintained at 303 K
(Ph,O melting point = 298-300 K). Crystal data for 1-Ph,O:
CCDC-2310159, Cy6H;0Ag,F1005, M = 808.08, colourless needle,
0.01 x 0.03 x 0.06 mm, monoclinic, space group P2,/n, a =
14.6080(4) A, b = 9.2325(2) A, ¢ = 18.5937(4) A, f = 103.760(2)°, V
=2435.73(10) A%, Z = 4, Deqrc = 2.204 gem >, F(000) = 1560, y =
14.00 mm™, T = 120.0(1) K, Omay = 74.5°, 4976 independent
reflections, 4086 with I, > 20(1,), Ry = 0.045, 4976 data, 388
parameters, no restraints, GooF = 1.02, 1.60 < Ap < -1.07 e 1&'3,
R[F* > 20(F*)] = 0.033, wR(F?) = 0.079.

(AgCO,CeF5-AgCO,CeHs),, (1-AgBenzoate). The use of Bn,O
as a crystallisation solvent for 1 resulted in the isolation of
crystals of a silver(r) dimer consisting of a 1:1 mixture of
benzoate : pentafluorobenzoate. Crystals suitable for single
crystal X-ray diffraction were obtained from a Bn,O solution
of 1 vapour diffused with pentane at ambient temperature.
Crystal data for 1-AgBenzoate: CCDC-2310160, C;,H5Ag,F50,,
M = 547.92, colourless needle, 0.01 x 0.01 x 0.17 mm,
monoclinic, space group P2,/n, a = 6.9141(3) A, b = 5.5610(2)
A, ¢ =37.1068(11) A, = 93.837(3)°, V = 1423.53(9) A%, Z = 4,
Deale = 2.557 gem™, F(000) = 1040, g = 22.86 mm™*, T =
120.0(1) K, Opnax = 74.5°, 2894 independent reflections, 2336
with I, > 20(I,), Rine = 0.051, 2894 data, 226 parameters, no
restraints, GooF = 1.04, 1.26 > Ap > -1.14 e A, R[F* >
26(F*)] = 0.047, wR(F?) = 0.120.
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(AgCO,C¢F5-C5H10),, (1-2-MeTHF). Crystals suitable for
single crystal X-ray diffraction were obtained from a 2-MeTHF
(racemic) solution of 1 vapour diffused with pentane at
ambient temperature. Crystal data for 1.2-MeTHF: CCDC-
2310161, C,H;,AgF505, M = 405.07, colourless needle, 0.02 x
0.02 x 0.16 mm, triclinic, space group P1 (no. 2), a =
5.51822(13) A, b = 9.8945(5) A, ¢ = 13.0489(3) A, a =
75.275(3)°, f = 85.880(2)°, y = 79.845(3)°, V = 678.00(4) A%, Z
2, Deale = 1.984 gem™, F(000) = 396, g = 12.59 mm ™', T =
120.0(1) K, Opnax = 74.5°, 2742 independent reflections, 2470
with I, > 20(l,), Rine = 0.045, 2742 data, 241 parameters, 132
restraints, GooF = 1.09, 0.98 > Ap > —0.70 e A R[F* >
20(F?)] = 0.037, wR(F*) = 0.106.

(AgCO,CF5-C19H;60), (1-Dihydrocarvone). Crystals
suitable for single crystal X-ray diffraction were obtained
from a dihydrocarvone:acetone (1:1) solution of 1 vapour
diffused with pentane at ambient temperature. Crystal data
for 1-Dihydrocarvone: CCDC-2352000, C;;H;,AgFs0;, M =
471.17, colourless plate, 0.01 x 0.04 X 0.22 mm, monoclinic,
space group P2,/n, a = 13.9355(2) A, b = 5.5125(1) A, ¢ =
22.5133(2) A, = 93.604(1)°, V = 1726.04(4) A®, Z = 4, Dy =
1.813 gem ™, F(000) = 936, 4 = 10.00 mm™", T = 120.0(1) K,
Omax = 74.5°, 3513 independent reflections, 3104 with I, >
20(I,), Rine = 0.045, 3513 data, 237 parameters, no restraints,
GOOF = 1.05, 0.55 > Ap > —0.53 ¢ A, R[F? > 206(F?)] = 0.027,
WR(F?) = 0.060.

(3(AgCO,CeF5)-2(C19H180)), (1-Eucalyptol). Crystals
suitable for single crystal X-ray diffraction were obtained
from a eucalyptol solution of 1 vapour diffused with pentane
at ambient temperature. Crystal data for 1-Eucalyptol: CCDC-
2310162, C41H36Ag3F150g, M = 1265.31, colourless block, 0.06
% 0.16 x 0.18 mm, triclinic, space group P1 (no. 2), a =
12.4062(3) A, b = 13.45738(19) A, ¢ = 13.9666(3) A, a =
85.3721(16)°, B = 70.664(2)°, y = 86.9586(16)°, V = 2192.24(8)
A, Z = 2, Degie = 1.917 gem ™, F(000) = 1244, g = 11.70 mm *,
T = 120.0(1) K, Omax = 74.5°, 8953 independent reflections,
8507 with I, > 20(I,), Rine = 0.029, 8953 data, 925 parameters,
705 restraints, GooF = 1.03, 2.54 > Ap > —0.70 e A, R[F* >
26(F?)] = 0.031, wR(F*) = 0.080.

(2(AgCO,CF5)-C19H 40),, (1-R-Carvone). Crystals suitable
for single crystal X-ray diffraction were obtained from an
R-carvone solution of 1 vapour diffused with pentane at
ambient temperature. Crystal data for 1-R-Carvone: CCDC-
2311134, Cy4H,4A2,F1005, M = 788.09, colourless plate, 0.03 x
0.05 x 0.22 mm, monoclinic, space group C2, a =
17.79831(19) A, b = 5.58069(5) A, ¢ = 25.9618(2) A, g =
104.5758(10)°, V = 2495.71(4) A%, Z = 4, Degie = 2.097 gem 2,
F(000) = 1528, 4 = 13.63 mm ', T = 120.0(1) K, Opay = 74.5°,
5084 independent reflections, 4748 with I, > 20(I,), Rint =
0.051, 5084 data, 511 parameters, 43 restraints, GooF = 1.02,
0.28 > Ap > —0.29 e A, R[F* > 20(F%)] = 0.022, WR(F?) =
0.053.
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