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In situ studies of reversible solid—gas reactions of
ethylene responsive silver pyrazolatest

H. V. Rasika Dias, & *2 Devaborniny Parasar,? Andrey A. Yakovenko,*?
Peter W. Stephens, & *< Alvaro Mufioz-Castro,*® Mukundam Vanga, 2
Pavel Mykhailiuk © " and Evgeniy Slobodyanyuk®

Solid—gas reactions and in situ powder X-ray diffraction investigations of trinuclear silver complexes {[3,4,5-
(CF3)3Pz]Ag}s and {[4-Br-3,5-(CF3),Pz]Ag}s supported by highly fluorinated pyrazolates reveal that they
undergo intricate ethylene-triggered structural transformations in the solid-state producing dinuclear
silver—ethylene adducts. Despite the complexity, the chemistry is reversible producing precursor trimers
with the loss of ethylene. Less reactive {[3,5-(CF3),Pz]Ag}s under ethylene pressure and low-temperature
conditions stops at an unusual silver—ethylene complex in the trinuclear state, which could serve as
a model for intermediates likely present in more common trimer—dimer reorganizations described
above. Complete structural data of three novel silver—ethylene complexes are presented together with
a thorough computational analysis of the mechanism.

Introduction

Trinuclear silver(i) complexes of fluorinated pyrazolates have
attracted significant interest because many of them show
interesting m-acid properties, luminescence, argentophilic
contacts, and useful applications.*® For example, {[3,5-(CF3),Pz]
Ag}s (Fig. 1, [Ag-H],) reported by Dias et al., is a strong m-acid
and displays rich w-acid/m-base chemistry with unsaturated
hydrocarbons leading to sandwich complexes of various types.'®
It also serves as a sensor for arenes such as benzene and
toluene.""> With o-terphenyl,* it produces a white light emit-
ting material while the treatment of [Ag-H]; with phenyl-
acetylene produces a Ag;; cluster with the breakup of the Ag;N,
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core.™ The silver complex has also been utilized in the desul-
furization of fossil fuels.™

In contrast to the aromatic hydrocarbons, the chemistry of
industrially relevant gaseous hydrocarbons such as ethylene
with silver pyrazolates has not been explored. Silver-ethylene
complexes are of particular interest since silver is the metal of
choice for partial oxidation of ethylene, which is a major
industrial process.'®"” They are challenging to stabilize and
quite labile due to the relatively weak silver(r)-ethylene
interactions.'®?* Reversible binding of ethylene to silver,
however, is valuable in applications such as the separation of
ethylene from ethylene-ethane mixtures using silver complexes

R
F3C O CF3
N—N
/ 0\
Ag Ag
FiC N \\__CFs
\ /
ON—2g—NO
R R
[Ag-R];

Fig. 1 Trinuclear silver()-pyrazolates utilized in this work, {[4-R-3,5-
(CF3),Pz]Ag}s (IAg—RIz, R = H, Br, CF3).
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and silver-doped materials.>**” The copper(1) analogs of [Ag-H];
such as {[4-R-3,5-(CF;),Pz]Cu}; ([Cu-R]3;, R = H, CF;) are effec-
tive in the selective separation of ethylene from ethane con-
taining mixtures.?®*®

Motivated by the fundamental interest and novelty, we
embarked on an in-depth study of ethylene chemistry of silver(r)
pyrazolates {[4-R-3,5-(CF;),Pz]Ag}; ([Ag-R]3, R = H, Br, CF;) with
different pyrazolyl ring substituents that also utilizes solid-
gas®* synthesis and in situ powder X-ray diffraction (PXRD)
measurements at 17-BM beamline at the Argonne National
Laboratory (ANL) advanced photon source. As evident from the
following account, this undertaking was successful and led to
the stabilization of an unusual trinuclear silver-ethylene
complex in a crystalline state. We also uncovered two unprec-
edented dinuclear silver-ethylene complexes with bridging
pyrazolates, of which, only one could be obtained via a tradi-
tional solution method.

Results and discussion

Traditional solution chemistry

The per-fluorinated silver(1) complex {[3,4,5-(CF;);Pz]Ag}; ([Ag-
CF;];) was utilized first for this purpose because it possesses
powerful Lewis acidic silver sites and is expected to be more
reactive towards ethylene compared to the less-fluorinated
analogs. The [Ag-CF;]; was obtained very conveniently via
a reaction between the corresponding pyrazole [3,4,5-(CF5);Pz]
H* and silver(1) oxide. It is a colorless, air-stable solid and has
been characterized by several techniques including NMR spec-
troscopy, and single crystal and powder X-ray crystallography. It
crystallizes with a molecule of dichloromethane in the asym-
metric unit (Fig. 2, see ESI for additional details and Fig. S7-
S8t) and displays short intermolecular Ag---Cl and Ag---F
contacts. There are no argentophilic interactions as observed in
[Ag-H]; or electron-rich systems like {[3,5-(Ph),Pz]Ag}; and
{[3,5-(i-Pr),Pz]|Ag};.>"

More importantly, [Ag-CF;]; reacts with ethylene in CH,Cl,
at low temperatures and produces a product which can be
crystallized from the same mixture at —25 °C under an ethylene
blanket (Scheme 1). The variable temperature '°’F NMR spec-
troscopic data show that this transformation takes place below
—10 °C in CDCl; (Fig. S41). The analysis of crystalline solid
using single crystal X-ray diffraction reveals that it is a dinuclear
species [Ag-CF;-(C;H,)]» (Fig. 2), and a rare isolable silver-
ethylene complex.>®*>?%33% Solid samples, however, lose
ethylene rapidly upon removal from the ethylene atmosphere at
room temperature and return to the ethylene-free trimer form
[Ag-CF;]; (Scheme 1).

There are two chemically similar but crystallographically
different molecules of [Ag-CF;-(C,H,)], in the asymmetric unit.
The silver sites are trigonal planar and Ag,N, cores adopt a boat
shape. Although there are no analogous dinuclear silver—
ethylene complexes for a direct comparison, a few silver-
ethylene complexes such as [PhB(3-(CF;)Pz);]Ag(C,H,)** and
{[H,C(3,5-(CF;),Pz),]Ag(C,H,)}[SbF¢|** with a three coordinate
silver sites supported by N-donor ligands are known. The
average Ag-N (2.231 A) and Ag—C (2.282 A) distances of [Ag-

2020 | Chem. Sci,, 2024, 15, 2019-2025
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Fig. 2 Molecular structure of [Ag—CFslz-CH,Cl, (top) and [Ag-—
CF3-(C3H4)lz (bottom) obtained from solution process and single
crystal X-ray diffraction studies.

CF;-(C,H,)], are similar to those observed in [PhB(3-(CF;3)Pz);]
Ag(C,H,) (av. Ag-N and Ag-C are 2.261 and 2.264 A,
respectively).

Next, we focussed on the related {[3,5-(CF;),Pz]Ag}; ([Ag-
H];),° which is a molecule based on less fluorinated pyrazolate
possessing relatively less electrophilic silver sites. Our attempts
to observe the silver-ethylene complex from a reaction between
[Ag-H]; and ethylene in CH,Cl, solution were unsuccessful even
at —50 °C. It is understandable since ethylene-silver bonds in
general are quite weak while the Ag-N bonds in [Ag-H]; are
relatively strong considering that it features a better electron-
donating pyrazolate® than the one present in [Ag-CF;]s.

In situ solid—-gas chemistry

We then decided to investigate these processes, using solid
materials and study the progress of the reaction “live” using in
situ PXRD at ANL synchrotron beamline. Recent developments
show that in situ, in crystallo, and solid-gas chemistry are
valuable techniques that enable synthesis and characterization
of organometallic species that are difficult or impossible to
observe under solution-phase conditions. Remarkably,
crystals of [Ag-CF;]; upon exposure to ethylene (3-5 bar at 295

30-33
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Scheme 1 Ethylene responsive trinuclear silver()-pyrazolate [Ag—CFsls that undergoes structural changes upon addition of ethylene to form

[Ag—CF3-(C,H4)l> and reverts to [Ag—CF3]s upon removal of ethylene.

K, Fig. S107), converted smoothly to the same dinuclear silver-
ethylene complex [Ag-CFs-(C,H,)], (Fig. S13f), mimicking
process that occurs in solution. The PXRD based molecular
structure of the solid-gas generated [Ag-CF;-(C,H,)], is very
similar to that obtained from traditional solution chemistry
(and single crystal X-ray crystallography, Fig. 2). It is a reversible
process (as in the solution) and affords ethylene free precursor
[Ag-CF;]; (Fig. 3) upon purging crystalline [Ag-CF;-(C,H,)],
with helium at 295 K (Fig. S11 and S147). Furthermore, these
solid—gas reactions, despite the complexity and break-up and
formation of several bonds and rearrangement of molecular
fragments, are quite fast as evident from the PXRD patterns.
Although the progress of both the forward and reverse reaction
involving [Ag-CF;]; can be followed using in situ PXRD, the
trimer-dimer transition under the conditions noted above
generates the products directly with no evidence of crystalline
phases attributable to intermediates.

F14

F15

F13

Fig. 3 Molecular structure of [Ag—CF3]3 obtained by in situ powder X-
ray diffraction studies of the materials from solid—gas chemistry.

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

To see if we can detect transient species, we proceeded with
in situ studies of the less reactive [Ag-H]; with ethylene. In
contrast to [Ag-CF;];, the reaction of solid [Ag-H]; with ethylene
did not proceed at 295 K even under high ethylene pressure up
to 60 bar (ESI Fig. S167), nor when cooled to 173 K under ~1 bar
of ethylene flow. However, to our delight, the solid-gas reaction
proceeded as we lowered the temperature of polycrystalline [Ag-
H]; while subjecting the sample to higher ethylene pressure.
Specifically, the transformation was evident from the in situ
PXRD experiment as the PXRD lines of [Ag-H]; started to
disappear around 223 K at 10 bar (or 206 K at 5 bar) of ethylene
with the generation of a new crystalline phase (Fig. S17 and
S19t). This new phase does not change even upon further
cooling to 173 K under ethylene. The process of ethylene uptake
by [Ag-H]; is reversible, and the product converts back to
ethylene free [Ag-H]; upon warming to about 262 K even under
10 bar of ethylene (Fig. S18t). The PXRD data analysis revealed
the structure of the product (illustrated in Scheme 2), which
turned out to be not the dinuclear species encountered with
[Ag-CF;];, but an unusual silver-ethylene complex {[3,5-
(CF;),Pz]Ag(C,H,)}s ([Ag-H- (C,H,)]5) that retains the trinuclear
form.

The molecular structure of this unprecedented species [Ag-
H-(C,H,)]; is illustrated in Fig. 4 (and S237). It is a trinuclear
silver complex featuring a nine-membered Ag;Ns metallacycle,
and three trigonal-planar silver-ethylene sites. The Ag;Ng core
of [Ag-H-(C,H,)]; displays significant puckering compared to
the planar configuration found in [Ag-H]; (and the related [Ag-
CF;];, see Fig. 3).° This large deviation from planarity is a result
of the interaction of ethylene with silver sites from opposite
faces, but the interactions are perhaps not strong enough to
break the Ag-N bonds at low-temperature conditions. The
compound [Ag-H-(C,H,)]; may possibly be a model for a likely
intermediate present in more facile reaction of [Ag-CF;]; with
ethylene, just prior to the breakup of trimers to produce the
corresponding dinuclear metal-ethylene complexes.

Chem. Sci., 2024, 15, 2019-2025 | 2021
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Scheme 2 Reaction of [Ag—H]s with 10 bar ethylene below temperature of 223 K (or 5 bar of ethylene below 206 K) leading the trinuclear silver—
ethylene complex {[3,5-(CF3),Pz]Ag(CoH4)}s ([Ag—H-(C2H4)l3) with a nine-membered AgsNg core.

N1

AgZ1 4

Fig. 4 In situ PXRD based molecular structure of the silver—ethylene
[Ag—H-(C,H,4)ls complex generated by in situ solid—gas chemistry
(top). Selected atoms showing only the AgsNg(C,H4)s moiety and the
distorted AgzNg core (bottom).

2022 | Chem. Sci., 2024, 15, 2019-2025

Postulating that this ethylene loaded trimer phase [Ag-
H-(C,H,)]; might be a transition state between unloaded trimer
and loaded dimer phases observed for other metal pyrazolates,
experiments were carried out at even higher pressures and lower
temperatures to see if a further transition to a loaded dimer
“[Ag-H-(C,H,4)],” could be observed. First, the in situ PXRD data
were collected at 45 bar of C,H, from room temperature down
to 110 K (just above the freezing point of C,H,). The pressure
was then increased to 70 bar of ethylene and the sample
warmed to room temperature (which led to [Ag-H]; formation).
We did not observe any evidence of new crystalline phase under
both these conditions (see Fig. S257).

Encouraged by the success with [Ag-H]; that led to the
characterization of a rare species in the ethylene bound yet pre
trimer — dimer transformation stage, we also probed the
chemistry of [Ag-Br]; with ethylene. Note that these planar,
trinuclear metal adducts display interesting and different
extended structures and therefore, the outcome of solid-state
chemistry with ethylene is not necessarily predictable through
extrapolation. For example, in contrast to [Ag-H]; which crys-
tallizes forming zig-zag columns with argentophilic interac-
tions,’*® [Ag-Br]; trimers form extended structures with inter-
trimer Ag---Br contacts®” (while [Ag-CF;]; reported here shows
inter-trimer Ag---F interactions between trimers).

Traditional solution chemistry with ~1 bar ethylene thus far
did not yield an isolable silver-ethylene complex from [Ag-Br]; in
CH,Cl,. The in situ PXRD data of the solid—gas reaction of poly-
crystalline [Ag-Br]; also do not show any phase changes even at
173 K under flow of ethylene (~1 bar). However, at 10 bar of
ethylene, a notable change was observed at 220 K (Fig. S267).
Data analysis indicated that it directly progressed to the dimer
stage producing {[4-Br-3,5-(CF3),Pz]Ag(C,H,)}, ([Ag-Br-(C,Hy))
(Fig. 5 and S307), which is in contrast to the [Ag-H]; chemistry
but similar to that observed with [Ag-CF;]; and ethylene. Upon
warming, [Ag-Br-(C,H,)], loses ethylene and returns to the
precursor trimer at 295 K, even under 10 bar of ethylene (Fig. S27
and S28f). The dinuclear silver(i)-ethylene complex [Ag-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular structure of in situ generated [Ag—Br-(C,H4)], based
on powder X-ray diffraction data.

Br-(C,H,)], adopts a slightly deeper a boat configuration with
a closer Ag---Ag separation (3.35(2) A) within the six-membered
Ag,N, core relative to that observed with [Ag-CF;-(C,Hy4)],
(which has Ag---Ag separations at 3.49(2) A). Ethylene ligands are
n>-bonded to silver sites, as expected. Overall, trinuclear [Ag-Br];
and [Ag-CF;]; show unprecedented ethylene triggered solid-gas
chemistry leading to dinuclear silver-ethylene complexes
featuring Ag,N, cores while [Ag-H]; enabled the observation of
an ethylene bound silver trimer that retains the metalacyclic
Ag;Ng core.

Computational study

In order to further understand ethylene driven molecular reor-
ganization processes described above, we undertook a detailed
computational study of ethylene reactions of [Ag-CF;];, [Ag-Br]s
and [Ag-H]; (Fig. 6). The Gibbs free energy profiles at 298 K were
computed to uncover reaction paths at room temperature in the
molecular calculations at the TZ2P/BP86-D3 level of theory. For

kcal/mol
20.0

10.0|

0.0

-10.0

-20.0
[Ag-H]s
[Ag-Br]s
-30.0 [Ag-CFs]s

-40.0

Reaction coordinate

Fig. 6 Gibbs free energy diagram for the proposed mechanism for
dimer formation, involving [Ag—H]s, [Ag—Brls, and [Ag—CFs]z at 298 K.
Values given per [Ag—Rls unit in kcal mol™ (R = H, Br, or CFx).

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

View Article Online

Chemical Science

this purpose, thermodynamic quantities from vibrational
frequencies accounting for enthalpy and entropy changes for
the proposed reaction mechanism were obtained (see ESI{ for
additional details). As the first step (Fig. 6, 1), the formation of
an adduct between the trinuclear silver pyrazolate and three
molecules of C,H, was predicted, prior to the deformation of
the Ag;Ng core as a transition state (TS1), which is further
relaxed to the intermediate 2 (such as [Ag-H-(C,H,)]s). The
formation of 2 involves a computed Gibbs free energy (298.15 K)
of —16.8, —15.9 and —13.7 kecal mol*, respectively (Table S107),
in comparison to the initial reactants, for [Ag-CF;];, [Ag-Br];
and [Ag-H];. The observed deformation of the Ag;Ng core from
precursors to the intermediates is not favored in the absence of
ethylene, by about 50 kcal mol~" (Table S87) for all the species,
showing that such processes is driven exclusively by the initial
coordination of C,H, to the bare Ag;Ny core (step 1). The
process of forming [Ag-R-(C,H,)]; from [Ag-R]; and gaseous
ethylene (R = H, Br, CF;) is not favorable entropically and can
be influenced significantly by lower temperatures. Thus, inter-
mediate 2 is more likely to be characterized, especially at lower
temperature, as experimentally realized in this work in the
reaction involving [Ag-H];.

Intermediate 2 is a key step prior to the trimer — dimer
transformation. After the formation and relaxation of this
intermediate, the next step is to release one [Ag-R-(C,H,)] unit
(i.e., ethylene bound metal-pyrazolate) given as the second
transition state (TS2), which is the rate-determinant step
leading to the dimer. Calculations of the bonding energy of
Ag,N,-AgN, (Table S97) for -H, -Br and —CFj3, indicate that it is
easier to break-up [Ag-CF;]; and [Ag-Br]; species (—64.3 and
—65.2 kecal mol™", respectively), in comparison to [Ag-H];
counterpart (—83.8 kcal mol !). From the Gibbs free energy
profiles (Table S10 and Fig. S31%), the activation barriers related
to the 1 — TS1 process can be evaluated, which amount to 5.0,
4.7, and 5.6 keal mol™" for -CF;, -Br, and -H at 298 K, respec-
tively. For the 2 — TS2 process, the related values are 10.8, 13.4,
and 14.9 keal mol ™", denoting a slightly larger activation barrier
for the [Ag-H]; complex.

In the final step, the loss of a [Ag-R-(C,H,)] unit from [Ag-
R-(C,H,)];, leads to the formation of one dimer species [Ag-
R-(C,H,)], (TS2), where the released unit further aggregates
with another [Ag-R-(C,H,)] fragment from a parallel reaction,
resulting in the formation of a second dimer species (3).
Calculated Gibbs free energy for step 3 amounts to —30.1,
—25.5, and —24.1 kcal mol™ " for [Ag-CF;];, [Ag-Br]; and [Ag-
H]s, respectively. Overall, [Ag-H-(C,H,)], formation is slightly
less energetically favorable process, while [Ag-CF;-(C,Hi)l,
formation is the most facile, which is consistent with the
experimental observations, and denoted by the slightly less
stabilized transition states and activation barriers, in addition
to the bonding energy of Ag,N,-AgN, fragments prior formation
of TS2. The formation of trinuclear-tris-ethylene intermediate 2
is favored at lower temperatures but the experimental condi-
tions must be just right to trap this species before it breaks-up
to even more energetically favorable dimers 3. The silver(i) and
[3,5-(CF3),Pz]” ligand combination provides the ideal ingra-
dients to trap the elusive species [Ag-H-(C;H,4)]3.

Chem. Sci., 2024, 15, 2019-2025 | 2023
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Conclusion

In summary, after a careful investigation that involved strategic
variations of pyrazolyl ring substituents and solid-gas synthesis
under different temperature-pressure combinations, and
synchrotron based, in situ PXRD, we successfully trapped and
structurally characterized a remarkable, trinuclear silver-
ethylene complex {[3,5-(CF),Pz]Ag(C,H,)}; ([Ag-H- (C,H,)]5) with
a severely distorted, yet intact Ag;Ng core, that can be viewed as
a model for fleeting intermediates likely exist in ethylene driven,
trimer-dimer transformations observed in related [Ag-CF;]; and
[Ag-Br]; systems. Furthermore, this study reveals for the first
time, ethylene triggered structural transformations of trinuclear
silver(1) pyrazolates in the solid-state leading to dinuclear species
{3,4,5-(CF5);Pz]Ag(C,H,)}, ([Ag-CF;3-(C,H4)],) and {[4-Br-3,5-
(CF5),Pz]Ag(C,H,)}, ([Ag-Br-(C,H,)],), and molecular structures
of two rare dinuclear, silver-ethylene complexes. This work also
demonstrates the power of in situ synthesis and ab initio PXRD
structure determination over traditional solution chemistry for
the isolation and study of labile species. Computational studies
indicated that the silver(1) and [3,5-(CF;),Pz]” ligand combination
provides the ideal ingradients to stabilize [Ag-H-(CyHj)]s.
Further in situ, solid—gas studies guided by computational work
in search of rare species from other metal complexes are
currently underway.
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