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Influence of the supported ionic-liquid layer
thickness on Z-selectivity in 1-alkyne
hydrosilylation under continuous flow

André Both,® Florian Kaltwasser,? Christian Priedigkeit,® Boshra Atwi,”
Wolfgang Frey,© Michael R. Buchmeiser @ *° and Ulrich Tallarek @ *2

1-Butyl-3-methylimidazolium tetrafluoroborate containing different rhodium() N-heterocyclic carbene
(NHC) complexes was immobilized as a supported ionic-liquid phase (SILP) inside the mesopores of a silica
monolith to study the impact of SILP thickness (ds) p) from the thin-SILP-limit (ds.p = 1 Nm) to complete
mesopore filling (dsip = 15 nm) on Z/E-selectivity in the rhodium-catalyzed hydrosilylation of
phenylacetylene with dimethylphenylsilane. A coupled analytical platform allowed monitoring of both yield
and selectivity of the produced isomer pattern online in continuous-flow experiments of 600 minutes
using methyl tert-butyl ether as mobile phase. The approach provided new insights into the mechanistic
aspects of the reaction under liquid confinement conditions created by the varied SILP thickness. With
decreasing ds; p, the selectivity of a Rh-catalyst based on a chelating NHC is shifted towards the B(2)-
isomer, climaxing in a boost of the Z/E-ratio for ds; p = 1 nm by a factor of >30, while the selectivity is
mostly unaffected for catalysts based on nonchelating NHCs. The spatial dimension of 1 nm reflects the
rigid part of the SILP characterized by a quasi-frozen morphology of the ionic liquid. It shapes a local,
spatially as well as molecularly confined catalytic environment, which, together with a tailored catalyst,
facilitates the predominant formation of the B(2)-isomer under kinetic control. Contrariwise, the random,
mobile part of the adjoining bulk SILP, emerging with increasing ds p, generally favors the formation of the
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1. Introduction

The hydrosilylation of terminal alkynes is an important
synthetic method for the preparation of vinylsilanes, which
have a number of applications in organic synthesis’™ and
materials science,® including the production of polymers’ and
fine chemicals.® By the addition of Si-H bonds to a terminal
alkyne, the hydrosilylation reaction yields different vinylsilane
isomers (Scheme 1).

Accordingly, the reaction can proceed in an
anti-Markovnikov mode, leading to the B(E)- and B(2)-
vinylsilane isomers, or in a Markovnikov mode to give the
o-vinylsilane. For some catalysts, dehydrogenative silylation
products (the silyl-alkyne derivative and the corresponding
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B(E)-isomer under thermodynamic control.

alkene) are received as by-products. Tailoring the synthesis
towards an isomer is a challenging task, because the
selectivity depends on a number of factors including the
nature of the catalyst, the substrates, and the reaction
conditions. Unsurprisingly, many catalysts have been
designed with distinct electronic and steric properties to gain
control over the regio- and stereoselectivity.’

Transition-metal N-heterocyclic carbene (NHC) complexes
have received particular attention in recent years for alkyne
hydrosilylation due to their versatility and wide range of
applications.’®™® NHC-Ir(), Rh(1), and Ru(i) catalysts
demonstrate high anti-Markovnikov selectivity in the
hydrosilylation of terminal alkynes, i.e., they mainly produce
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Scheme 1 Hydrosilylation and dehydrogenative silylation of terminal
alkynes.
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mixtures of B(E)- and P(Z)-isomers."””'® Nevertheless, the
isomerization of the thermodynamically labile B(Z)-isomer
into the stable B(E)-vinylsilane remains an issue.'® Further,
cationic rhodium complexes were found to be highly B(E)-
selective,”®*"  whereas, e.g., zwitterionic Rh(m) bis(NHC)
complexes demonstrate excellent selectivity for the
thermodynamically less stable B(Z)-isomer.>* Another strategy
to control selectivity relies on the immobilization of the
catalyst inside a confined space. Examples include Rh(1)/Rh(n)
catalysts supported in mesoporous silica and rhodium
nanoparticles in carbon reactors.”>** Both studies report a
change in selectivity with respect to the homogeneous
conditions. It has been argued that the driving force
originates in confinement effects, including preferred
substrate orientation, increased local concentrations near
active sites, the stabilization of intermediates, and enhanced
steric congestion. Finally, Messerle and co-workers showed
that Rh and Ir complexes covalently anchored to a carbon
black-supported surface enable B(Z)-selectivity, depending on
the metal center, ligand environment, and tether length.>>>°
Their results suggest that subtle changes in surface coverage
and linker architecture can alter the product distribution,
offering a modular, heterobimetallic approach to selectivity
control. In a complementary approach, Sanchez-Page et al.*>’
achieved high pB(Z)-selectivity using cyclometalated Rh(m)-
NHC complexes, both in solution and supported on
graphene, through a metal-ligand cooperative mechanism.

An intriguing approach that has become popular in recent
years involves a supported ionic-liquid phase (SILP),>*" where
the homogeneous catalyst is dissolved in an ionic liquid (IL)
that is physically adsorbed as a film on a high-surface area
solid support. By providing the substrates in the gas phase, the
reaction mixture can be easily separated from the SILP without
catalyst leaching, so that the approach lends itself for the
adaptation in continuous-flow experiments.***® We extended
this technology to supported ionic liquid-liquid phase
conditions*****! by using a substrate- and, in course of the
reaction, also product-containing liquid phase that does not
mix with the IL. In this way, the SILP concept was successfully
extended to more complex, high-boiling substrates.

In comparison to batch operation, the utilization of
compact continuous-flow microreactors enables the effective
use of large surface-to-volume ratios, facilitating heat and mass
transfer. This, in turn, impacts yield and selectivity as well as
the practicable reaction time.**** However, literature
illustrating how the SILP and the SILP thickness (dsyp), in
particular, affect the selectivity of the dissolved catalyst in view
of the spatial confinement engendered by the SILP is still very
scarce.”>** The aspect of the actual SILP thickness and catalyst
condition is complemented by increased efforts in the rational
design of task-specific ILs, which self-assemble on a surface
(without covalent bonding) and offer a metal-binding site at a
controlled distance from the solid support.”®

The main objective of the current work was to understand
the predominant formation of the pB(Z)-isomer in the
hydrosilylation of 1-alkynes catalyzed by SILP-embedded Rh-
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Fig. 1 The Rh-NHC complexes [((1-(pyrid-2-yl)-3-mesityl)-imidazol-2-
ylidene)(n*-1,5-cyclooctadiene) rhodium() tetrafluoroborate] (Rh-1),
[(1,3-dimethylimidazol-2-ylidene)(n*-1,5-cyclooctadiene) rhodium()
tetrafluoroborate] (Rh-2), and [(1,3-dimesityltetrahydropyrimdin-2-
ylidene)(n?*-1,5-cyclooctadiene) rhodium(i) chloride] (Rh-3), as well as the
room-temperature IL 1-butyl-3-methylimidazolium tetrafluoroborate,
[BMIMI[BF,], used in this work. Mes = mesityl (2,4,6-trimethylphen-1-yl).

NHC catalysts, which otherwise predominantly produce the
B(E)-isomer under homogeneous, that is, biphasic bulk IL-
organic solvent conditions.*>** For that purpose, we
immobilized the IL 1-butyl-3-methylimidazolium
tetrafluoroborate [BMIM][BF,] on the surface of a macro-
mesoporous silica monolith, suitable for continuous-flow
operation. The employed catalysts (Rh-1, Rh-2, Rh-3) and the
IL are shown in Fig. 1.

To better understand the confinement effect engendered
by the SILP, we investigated the influence of its thickness on
the Z/E-selectivity in the hydrosilylation reaction between
phenylacetylene (PA) and dimethylphenylsilane (DMPS) under
biphasic, liquid-liquid, continuous-flow conditions on the
monolithic column using methyl tert-butyl ether (MTBE) as
liquid mobile phase that does not mix with the IL
(Scheme 2). Continuous-flow operation was established with
high-precision, high-pressure pumps connected to the SILP/
catalyst-loaded column, and the real-time monitoring of the
reaction was achieved by hyphenating the reactor (first)
dimension online with a concentration analytics (second)
dimension for chromatographic separation as well as
detection and quantification of all compounds of interest.

The two-dimensional setup facilitated the automation of
the entire sampling process and enabled us to repeatedly run
experiments with varied dgyp over extended periods, typically
for 600 minutes, during which the production of the targeted
isomers, especially the Z/E-selectivity of the reaction, was
continuously monitored. This would otherwise become very
laborious as well as time-consuming with batch operation.

43 0k 0,0

3
Scheme 2 Biphasic, continuous-flow hydrosilylation between PA (1)
and DMPS (2) with Rh-1 in the SILP formed by [BMIM][BF,;] on a
macro-mesoporous silica monolith. Stationary phase: solid silica and
SILP (containing Rh-1), mobile phase: MTBE (containing reactants and
products).

SILP—{Rh]

MTBE, 50 °C
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Data acquired with the monolithic microreactor for SILP
thicknesses between 1 and 15 nm reveal that the Z/E-
selectivity of the reaction is generally low at the beginning
and for dgirp = 3 nm also increases only moderately during
the 600 minutes of the experiments. However, for dgpp = 1
nm the Z/E-selectivity demonstrates a real boost. These
observations highlight that more attention should be paid to
the morphology as well as the dynamics of the SILP in view
of catalytic applications, in particular, to the rigid, low-
mobility part of the SILP next to the surface, comprising 1-2
more ordered molecular layers of the IL, and the bulk
(random) and correspondingly mobile region of the SILP
emerging beyond the rigid part. Our data indicate that the
catalytic environment in the ~1 nm-thick rigid part favors
the formation of the B(Z)-isomer. In contrast, the bulk SILP
favors the formation of the B(E)-isomer. It is obvious that the
Z|E-selectivity can then be tuned in a simple way through
dsnp via the catalytic environments prevailing in rigid and
mobile parts of the SILP.

This effect will be useful and tailored further in certain
applications, as these characteristic regions in SILPs are a
fundamental property of SILP interfacial morphology.

2. Results and discussion

To perform the continuous-flow hydrosilylation experiments
outlined in Scheme 2, we adapted a silica monolith as support
for the catalyst-containing IL. Silica-based monoliths with a
hierarchical macro-mesopore space morphology, as used in
this work, are attractive supports in liquid chromatography™®
and heterogeneous catalysis.” *° Their bimodal pore size
distribution is realized with a continuous block of silica
perforated by intersecting networks of macropores and
mesopores.””>" While the macropores allow for fast (advection-
dominated) transport through the material, the mesopores
(accessible only by diffusion) provide sufficient surface area for
adsorption and reaction. Fig. 2 highlights the morphology of
the monolith®* implemented in the present work as support
for the IL [BMIM][BF,] containing the corresponding Rh-
catalyst. The monolith was used in the form of an analytical-
scale 4.6 mm inner diameter X 100 mm length column clad in
polyether ether ketone (Chromolith® Si 100-4.6 mm).>*>*
Relevant morphological properties of the monolith (provided

Silica rod

Hierarchical morphology

Macropore space

View Article Online
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by the manufacturer) are a mean macropore size and a specific
macropore volume of 1.84 um and 2.58 mL g ', respectively,
and a mean mesopore size, specific mesopore volume, and
specific mesopore surface area of 32.9 nm, 0.91 mL g, and
110 m* g™, respectively, as derived from mercury intrusion
porosimetry (macropore space) and nitrogen physisorption
analysis (mesopore space). For the preparation of the SILP, the
monolith was flushed with a solution of [BMIM][BF,] in CH,Cl,
containing the corresponding Rh-catalyst. Importantly, the IL
does not interfere with the catalyst through anion metathesis
and both, IL and catalyst, do not dissolve in MTBE. This
enabled the continuous-flow experiments with MTBE as mobile
phase in a biphasic SILP approach and prevented both IL and
Rh-catalyst dissolved therein from leaching. Variation of the
SILP thickness was achieved by adjusting the IL volume
deposited inside the mesopores of the monolith (see
Experimental section and ESI{ for further details).

Four SILP thicknesses were realized in this work (dsyp = 1,
3, 5, and 15 nm), ranging from the thin-SILP-limit (dgyp = 1
nm), below which a uniform monolayer of [BMIM][BF,] is
difficult to establish on the silica surface considering the
molecular structure of the supported IL, to the thick-SILP-
limit (dsip = 15 nm), where the ~30 nm wide mesopores are
completely filled with [BMIM][BF,]. SILP thicknesses with
applied IL volumes and amounts of Rh-1 catalyst in the SILPs
are summarized in Table S2 (ESIt). The hydrosilylation of PA
with DMPS in the presence of Rh-1 under continuous flow
was accomplished by adapting the two-dimensional
microreaction-separation setup shown in Fig. 3.°> While the
first dimension serves for the management of the reaction,
the second one involves the chromatographic separation of
the isomers as well as their subsequent quantification. In the
first dimension, a binary pump (4, Fig. 3) was employed to
deliver the substrate solution in MTBE to the microreactor
fixed in a temperature-controlled oven compartment (8,
Fig. 3) at a precisely adjustable and constant volumetric flow
rate Q. The residence time of the substrate solution on the
microreactor (and thus the reaction time) was therefore
controlled by the pump flow rate and reflects the volume in
the monolith available to the pumped solution.

To arrive at quantitative information about the reaction
solution, the second dimension was coupled online to the
first one to allow for the separation of the targeted isomers

Mesoporous skeleton

Fig. 2 Hierarchically structured silica monolith. The macropores form an interskeleton network of flow-through channels dedicated to advection-

dominated transport, while transport in the intraskeleton mesopores remains diffusion-limited. Adapted with permission from Stoeckel et a
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Fig. 3 Photograph of the two-dimensional continuous-flow platform
used to study the hydrosilylation reaction between PA and DMPS with
Rh-1 in the SILP formed by [BMIM][BF4] on a macro-mesoporous silica
monolith (cf. Fig. 2). An injection valve (5) behind the microreactor
compartment (8) connects the first (reaction) dimension with the
second (analytical) dimension, which enables chromatographic
separation of the injected reaction solution on a phenyl-hexyl-
modified UHPLC column (7) and online analysis of the separated
compounds with a diode-array detector (9).

by ultrahigh-performance liquid chromatography (UHPLC)®
as well as their detection with a diode-array detector. Both
dimensions were connected by a 2-position/6-port valve (5,
Fig. 3). Continuous-flow conditions were imposed by
flushing the microreactor with the substrate solution at Q =
0.066 mL min~', which translates into a reaction time of t,.
= 20 min. This time was adjusted to enable a meaningful
comparison between the different reactor loadings with SILP
and catalyst (¢f Table S2f) rather than to maximize
conversion. As a consequence, unreacted starting materials
were generally present in these runs (as can be recognized
in Fig. 4). Complementary to the reaction time ¢, the total
experiment time (fy) is the overall time for which the
microreactor was monitored under a given set of reaction
(continuous-flow) conditions. For example, as both yield
and selectivity (eqn (1) and (2) below) were repeatedly
determined over a total period of 600 minutes, then t. . =
600 min for this experiment with the selected SILP
thickness, catalyst and substrate concentrations, reaction
time, and reaction temperature.

The peak areas of the baseline-separated compounds of
interest, ie., B(Z)- and B(E)-isomers, were converted into
masses using calibration curves. Relative chromatographic
yields of the individual isomers and Z/E-selectivities were
quantified with these data according to

i) (1)

Relative yield =
Mp(z) + Mp(x)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Chromatogram of the reaction solution, recorded by UV/vis
diode-array detection at 260 nm, highlighting the baseline separation of
compounds 1-5. Column: 3.0 mm inner diameter x 100 mm length
packed with phenyl-hexyl-modified, fully porous silica particles (1.8 um
particle size, 9.5 nm mesopore size)) mobile phase: 75/25 (v/v)
methanol/water, flow rate: 0.6 mL min™, column backpressure: 800 bar.

m
Selectivity = —k2 (2)
mp(e)

where mygz and mgz) denote the respective masses and i stands
for the B(2)- or B(E)-isomer. Required calibration curves and
details of their acquisition are provided in the ESL}

One prerequisite for these continuous-flow studies is a fast
baseline separation of the compounds of interest, because a
short separation cycle allows to monitor yield and selectivity at
high temporal resolution over an experiment (fio) and
address, for example, the influence of dsyp in a series of
experiments. For apolar molecules like compounds 1-5
(Scheme 2), a phenyl-hexyl silica column was found
appropriate, as that surface chemistry reflects the presence of
the aromatic phenyl groups in all these hydrosilylation
compounds, offering selective interactions.”” Fig. 4 highlights
their baseline separation in less than 20 minutes using 75/25
(v/v) methanol/water as UHPLC eluent at a flow rate of 0.6 mL
min~". This in turn enabled the quantitative analysis of all
compounds via total numerical integration of their
chromatographic peaks together with the acquired calibration
curves. As can be seen in Fig. 4, the bottleneck in this analysis
was particularly the baseline separation of the a-isomer from
the B(Z)-isomer to allow for an unbiased analysis of the latter.

Accordingly, this optimized UHPLC method was
implemented as default protocol in the second (separation)
dimension of the setup shown in Fig. 3. With this
implementation, we were prepared for a deeper investigation
of mechanistic aspects of the hydrosilylation reaction
occurring in the SILP, with the main focus on the
determination of the yields of the B(Z)- and B(E)-isomers and,
thus, of Z/E-selectivity for each SILP thickness over extended
experiment times ({1 = 600 min). Both reaction time (¢ =
20 min) and reaction temperature (7 = 50 °C) were constant
during all experiments in which the four SILP thicknesses
(Table S21) were analysed.

Catal. Sci. Technol,, 2025, 15, 4012-4023 | 4015
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The basic data sets recorded with the four experiments
are summarized in Fig. 5 as relative yield for each isomer
and in Fig. 6 in the form of Z/E-selectivity (see Tables S3
and S47 for associated weights and moles of the two
isomers). Three important observations can be made from
the yields of the B(Z)- and B(E)-isomers in combination with
the four different SILP thicknesses (dsyp = 15, 5, 3, and 1
nm). First, compared to dsyp = 15 nm, none of the yields
for dspp < 15 nm reaches a steady-state even during the
extended monitoring periods of 10 hours. While the yields
mostly show only small changes and overall reveal a smooth
progression, a true steady-state with constant yield is never
attained. For dspp = 15 nm, however, a steady-state in the
yields is recognizable after ~2 hours, characterized by a
relatively low mp)/mpgEyratio of ~0.041. That is, with a
thick SILP layer (mesopores completely filled with IL), the
reactor constantly produces almost exclusively the B(E)-
isomer. Second, for dgyp < 15 nm the relative B(E)-isomer
content decreases over time (and with decreasing SILP
thickness) while at the same time, the B(Z)-isomer content
rises gently with dspp = 5 and 3 nm. The strongest increase
in the B(Z)-isomer content was observed for the 1 nm-thick
SILP after fc,, =~ 130 min and continued until the end of
the experiment ({1 = 600 min). In fact, the B(Z)-isomer
content even exceeded the one of the B(E)-isomer (for tey, >
400 min), which remained unseen with the other SILP
thicknesses. Summarizing, Fig. 5 shows that there is a
systematic development in the relative yields of the two
isomers with decreasing SILP thickness, which starts at the
high and constant B(E)-isomer level for dsyp = 15 nm and
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Fig. 6 Comparison of Z/E-selectivities via eqn (2) over the course of

the four continuous-flow experiments with varied SILP thickness (cf.
Fig. 5). Reaction time, t,; = 20 min; reaction temperature, T = 50 °C.

climaxes in the boost of the PB(Z)-isomer yield with the
thinnest SILP (dsip = 1 nm).

The peculiar rise in yield seen for the B(Z)-isomer with the
1 nm-thick SILP manifests itself also in the Z/E-selectivities,
which are shown in Fig. 6 for all four experiments from
Fig. 5. Clearly mg;/mg increases with decreasing SILP
thickness. After 600 min, mg)/mpE = 0.041 for dspp = 15
nm, 0.43 for dg;p = 5 nm, 0.64 for dgyp = 3 nm, and 1.35 for
dsip = 1 nm. Overall, the transition from a thick to a thin
SILP layer under continuous-flow conditions is accompanied
by a remarkable increase in Z/E-selectivity, that is, by a factor
of ~33. This is in line with earlier findings using surface-
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Fig. 5 Comparison of relative yields of the produced B(Z)- and B(E)-isomers via eqn (1) over the course of the four continuous-flow experiments
(tiotat = 600 min) with varied SILP thickness. The SILP thickness ds; p was adjusted between (A) 15 nm (thick-SILP-limit), (B) 5 nm, (C) 3 nm, and (D)
1 nm (thin-SILP-limit). Reaction time, t,. = 20 min; reaction temperature, T = 50 °C. Weights and moles of B(Z)- and B(E)-isomers underlying the

reported yields can be found in Tables S3 and S4 (ESI+).
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functionalized, polymeric, monolithic supports and clearly
shows that this effect is independent of the support used.*”

Our findings are a result of different catalytic pathways
that occur in a thin (1 nm wide) and in thicker SILPs, which
explain the different Z/E-selectivities we observed. With
increasing SILP layer thickness, the catalytic pathway
responsible for the thin-SILP behaviour, i.e., the formation of
B(Z)-isomer, becomes increasingly superimposed by those
dominating in thicker SILPs, favouring the formation of the
B(E)-isomer. It is well known that the structural and dynamic
properties of ILs can change dramatically at solid surfaces
and under spatial confinement, in particular.>® Indeed, their
structure-transport  relationships are modulated by
interactions of the cations and anions with the support
surface, e.g., with silanol groups of the amorphous silica in
the monolithic microreactor employed in the present work.
As a consequence, structural ordering phenomena and a
slow-down of the translational and rotational ion dynamics
are often observed in ILs near solid surfaces.”®*

For [BMIM][BF,] used in this work, insightful results have
been derived with molecular dynamics simulations
conducted in a slit-pore confined by amorphous silica
283 Density oscillations were observed near the walls
for both cations and anions indicating a layering effect,
which is stronger for the [BF,] anions than for the [BMIM]
cations, as the former are more symmetric and smaller than
the latter. In addition, the [BMIM] cations exhibit a preferred
orientation in their first layer, where the methyl group and
butyl tail point towards the silica wall and pore centre,
respectively, and the imidazolium ring aligns with the
surface. Furthermore, regarding the ion dynamics at a
temperature of 300 K, the cation and anion motions are
slowed down by roughly two orders of magnitude at the
surface with respect to the centre of the pore. Here, the
retardation of the ion dynamics rapidly declines with
increasing distance from the surface and mainly affects the
first two [BMIM][BF,] layers.

These findings are highly relevant to our work, as
distinctive density layers and strong mobility gradients exist
near the surface. As a consequence, self-diffusion and
structural relaxation are much slower there than in the bulk
IL. The effects culminate in a highly dense and ordered
(quasi-solid) first [BMIM][BF,] layer at the silica surface,
which is about 1 nm wide and characterized by a very low
(quasi-frozen) mobility of the ionic species. It is reasonable
to assume that in this quasi-frozen state the catalyst also
experiences a slowdown of its translational and rotational
dynamics and will most likely prefer the conformation that
is found in the solid state, which we successfully
determined by single-crystal X-ray analysis. Rh-1 crystallizes
in the triclinic space group P1 with a = 975.6(5) pm, b =
1114.7(5) pm, ¢ = 1352.7(7) pm, a = 75.446(16)°, f =
83.737(16)°, y = 73.626(17)°, Z = 2. Relevant bond lengths
and angles are summarized in Fig. 7. The most striking
feature is that in the solid state, the pyridine group
coordinates to the Rh-centre, thereby preventing any

walls.
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Fig. 7 Single-crystal X-ray structure of Rh-1 (cf. Fig. 1). Relevant
bond lengths (pm) and angles (°): Rh(1)-C(1) 197.4(10), Rh(1)-N(3)
213.4(8), Rh(1)-C(18) 213.7(9), Rh(1)-C(19) 214.4(10), Rh(1)-C(22)
220.6(9), Rh(1)-C(23) 222.3(10); C(1)-Rh(1)-N(3) 78.8(4), C(1)-Rh(1)-C(18)
96.1(4), N(3)-Rh(1)-C(18) 160.3(3), C(1)-Rh(1)-C(19) 100.0(4), N(3)-Rh(1)-
C(19) 162.8(3), C(18)-Rh(1)-C(19) 36.6(3), C(1)-Rh(1)-C(22) 161.6(4),
N(3)-Rh(1)-C(22) 94.6(3), C(18)-Rh(1)-C(22) 95.5(4), C(19)-Rh(1)-C(22)
81.1(4), C(1)-Rh(1)-C(23) 161.8(4), N(3)-Rh(1)-C(23) 98.0(3), C(18)-Rh(1)-
C(23) 80.9(4), C(19)-Rh(1)-C(23) 88.3(4), C(22)-Rh(1)-C(23) 35.5(3).

rotation of the NHC, which is of utmost relevance for
explaining our experimental findings (vide infra).

For comparison, the single-crystal X-ray structure of Rh-2
together with relevant bond lengths and angles is shown in
Fig. 8. Rh-2 crystallises in the monoclinic space group C,
with @ = 2068.43(17) pm, b = 826.12(6) pm, ¢ = 1516.11(13)
pm, a=y=90°, = 117.168(7)°, Z = 4.

Notably, the very low mobility will also affect the diffusion
of solute molecules (that interact with the IL) in and through
the density and mobility gradients of a SILP. For example,
using fluorescence recovery after photobleaching (FRAP) in
confocal microscopy,® it has been demonstrated that the

Fig. 8 Single-crystal X-ray structure of Rh-2 (cf. Fig. 1). Relevant
bond lengths (pm) and angles (°): Rh(1)-C(1) 202.4(3), Rh(1)-N(3)
205.5(3), Rh(1)-C(11) 207.7(10), Rh(1)-C(12) 217.0(11), Rh(1)-C(16)
217.8(8), Rh(1)-C(15) 225.7(7); C(1)-Rh(1)-N(3) 92.26(11), C(1)-Rh(1)-C(11)
89.8(3), N(3)-Rh(1)-C(11) 161.1(4), C(1)-Rh(1)-C(12) 90.9(3), N(3)-Rh(1)-
C(12) 160.9(4), C(11)-Rh(1)-C(12) 37.73(15), C(1)-Rh(1)-C(16) 168.0(4),
N(3)-Rh(1)-C(16) 92.0(2), C(11)-Rh(1)-C(16) 82.7(3), C(12)-Rh(1)-C(16)
88.8(3), C(1)-Rh(1)-C(15) 157.1(4), N(3)-Rh(1)-C(15) 88.6(2), C(11)-Rh(1)-
C(15) 96.8(3), C(12)-Rh(1)-C(15) 81.3(3), C(16)-Rh(1)-C(15) 34.3(2).
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diffusivity of a neutral dye in [BMIM]PFs] confined in
mesoporous silica is about two orders of magnitude lower than
in the bulk IL. Similarly, the densified structure and slow
dynamics of the SILP over a distance of 1-2 nm from the
surface is expected to have an impact on the reactant molecules
entering and moving within this region (in order to get in
contact and arranged with the catalyst molecules residing
there) and on the product molecules as they leave the local
catalytic environment and the SILP after the reaction.

Compounds 1-5 dissolve well in the bulk IL. In the rigid, 1
nm-thick part of the SILP the reaction proceeds slower and
diffusion of the larger products is delayed, which must result
in an enrichment of the produced isomers in a thin SILP. To
get evidence for a slower reaction and especially a slow release
of the hydrosilylation products from the quasi-frozen part of
the SILP, we performed continuous-flow experiments for two
SILP thicknesses, i.e., for dg;p = 1 nm and dg;p = 15 nm, with a
subsequent rest period of the microreactor in pure MTBE of 18
hours, followed by workup of the MTBE phase. The results are
compared in Fig. 9 with respect to Z/E-selectivity.

The first data point recorded ~20 min after the rest
period of 18 hours corresponds to an elution volume (0.066
mL min™ x 20 min = 1.32 mL) of roughly one reactor void
volume (Vypig ~ 1.46 mL, ESIf). This point therefore
represents the (almost entire) MTBE solution that had
contact with the SILP throughout the 18 hours. Remarkably,
a Z/E-ratio of 4.72 was received for the thin SILP. Such a
high value has never been indicated or even measured in
our continuous-flow experiments. It demonstrates that
predominantly the p(Z)-isomer was produced and then
trapped in the thin (rigid) SILP. In contrast, a Z/E-ratio of
only 0.15 was observed for the thick SILP after this long
extraction period, which confirms our conjecture that
mostly B(E)-isomer was produced and retained in the bulk
SILP saturating the mesopores of the monolith. Control
experiments were performed to ensure that Rh-1 does not
catalyse the isomerization of the less stable B(Z)-isomer into

144 5
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Fig. 9 Continuous-flow experiments with thin SILP (ds; p = 1 nm) and
thick SILP (dsyp = 15 nm), followed by a flushing step of the
microreactor with pure MTBE and a rest period (stopped flow) of 18
hours. Afterwards, the MTBE solution was flushed out and the effluent
analysed for Z/E-selectivity using the second dimension of the setup
depicted in Fig. 3.

4018 | Catal Sci. Technol.,, 2025, 15, 4012-4023

View Article Online

Catalysis Science & Technology

the thermodynamically favoured B(E)-isomer during the rest
period®* and thereby cause a bias in the subsequently
analysed isomer pattern. For this purpose, microreactors
with freshly prepared thin or thick SILP (containing Rh-1)
were flushed with MTBE containing only a mixture of B(E)-
and B(Z)-isomers that were beforehand synthesized and
isolated. This isomer solution was then also allowed to rest
in the microreactor for 18 hours, as in the extraction
experiment, and then analysed. In fact, no changes in the
original isomer composition could be detected after this
period, implying that Rh-1 does not catalyse Z/E-
isomerization. The strong dependence of the B(Z)/B(E)-ratio
from the thickness of the SILP layer can thus be fully
explained considering both, the structure of the catalyst
(and of the resulting transition states during hydrosilylation)
and the different morphologies of the SILP layers with
different thickness.

Clearly, the SILP possesses a substantial gradient in terms
of morphology and rigidity as we move from the pore walls to
the centre of the pores. In the thin-SILP-limit (dsyp = di,
Fig. 10), the SILP predominantly consists of a quasi-frozen
monolayer with a much lower diffusive mobility of the
substrates and products than in the bulk IL. The cationic
catalyst will also be firmly held in the rigid SILP, most likely
supported by silanophilic interactions with the surface (as
implied by its positioning in Fig. 10). As a consequence, the
integration of the reactants into (as well as the release of the
even larger products from) the rigid SILP, indicated by the
phase transfer in Fig. 10, is slow, as confirmed by the
extraction experiment (Fig. 9). On the other hand, in the
thick-SILP-limit (dsyp = d,, Fig. 10), the SILP mostly consists
of bulk SILP, which exhibits the properties (local density and
diffusive mobility) of the bulk IL. There, the catalyst can
move more freely as compared to the rigid SILP and also
phase transfer of reactants and products between the mobile
MTBE phase and the bulk region of the SILP is faster than
between MTBE and rigid SILP.

The observed preferential formation of the B(Z)-isomer by
Rh-1 in the thin SILP can be accounted for by the quasi-
frozen IL resulting in a preferred transition state with the
pyridine group coordinating to the Rh-centre, as found in
the solid-state structure of Rh-1 (Scheme 3). The resulting
B(Z)-selectivity can be explained by the modified Chalk-
Harrod mechanism:>®®® Formation of a Rh-hydride is
followed by the coordination of the alkyne. Alkyne insertion
into the Rh-Si bond leads to the p(Z)-silylvinylidene
intermediate. Subsequently, two reaction pathways can
emerge, depending on whether the reaction proceeds in the
bulk or in the quasi-frozen SILP. Thus, the formed B(Z)-
silylvinylidene may lead to the PB(E)-silylvinylidene and,
consequently, to the pB(Z)-vinylsilane (red pathway). The
quasi-frozen SILP restricts the rotation of the NHC of the
confined catalyst, which results in a strong steric interaction
between the pyridine or mesityl moiety and the SiMe,Ph
group. Rotation of the HC-CPh bond eliminates this steric
interaction making the B(E)-silylvinylidene the preferred

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Schematic representation of relevant structural and dynamic aspects in the continuous-flow hydrosilylation reaction between PA and
DMPS with Rh-1 in the SILP formed by [BMIM][BF,4] in the ~30 nm wide mesopores of a (macro-mesoporous) silica monolith.
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Scheme 3 Modified Chalk-Harrod mechanism for the preferential formation of B(Z)- or B(E)-vinylsilane isomer in the continuous-flow
hydrosilylation reaction between PA and DMPS with Rh-1 in the SILP formed by [BMIMI[BF,] on a macro-mesoporous silica monolith.

configuration, which finally results in the formation of the
B(Z)-vinylsilane. Vice versa, the bulk SILP allows for a
decoordination of the pyridine group and rotation of the
NHC, which places less steric constraints on the initial B(2)-
silylvinylidene, resulting in predominant formation of the
B(E)-vinylsilane. The joint role of a coordinating pyridine
group and the restricted mobility within a thin SILP was
confirmed by running the same hydrosilylation reaction in a
thin SILP (dsip = 1 nm) at 50 °C by the action of Rh(i)
NHC catalysts that did not possess any chelating groups, ie.,
Rh-2 and Rh-3 (Fig. 1). With these Rh-catalysts, mg;)/mys)

This journal is © The Royal Society of Chemistry 2025

did not exceed 0.65 (Rh-2) and 0.12 (Rh-3) over a reaction
time of 140 min and 540 min, respectively (¢f Fig. S7 and
Table S5 in the ESIY).

All this fits to our experimental data, where starting in the
thin-SILP-limit (ds;p = 1 nm), the dominating Z-selectivity in
the rigid SILP becomes increasingly superimposed by
E-selectivity for larger SILP thickness (dgyp = 3 and 5 nm) in
the bulk SILP, until the B(E)-isomer dominates and is
correspondingly produced at a constantly high level, without
sign of increasing Z/E-selectivity over time, in the thick-SILP-
limit (dgyp = 15 nm, cf: Fig. 5).
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Conclusions

Continuous-flow studies of the hydrosilylation reaction
between PA (1) and DMPS (2) in the presence of the cationic
Rh-NHC complex Rh-1, taking place within the SILP formed
by [BMIM][BF,] on the mesopore surface of a macro-
mesoporous silica monolith, have revealed a clear
dependence of Z/E-selectivity on the SILP thickness varied
from dg;p = 1 nm to 15 nm. In the thick-SILP-limit (d, > d;
and dgyp = d,, Fig. 10), the SILP mostly consists of bulk IL,
in which hydrosilylation leads to the predominant formation
of the thermodynamically more stable B(E)-vinylsilane isomer
(5). The thick-SILP-limit is approached in our experiments as
the mesopores are completely filled with IL (dgyp = 15 nm),
while the thin-SILP-limit is reached for dgyp = 1 nm (d, — 0
and dspp ~ dq, Fig. 10). In the latter situation, the SILP
mostly consists of a quasi-frozen monolayer of IL cations and
anions, in which the catalyst is firmly embedded
experiencing restricted mobility. In this thin-SILP-limit,
hydrosilylation results in the predominant formation of the
kinetically favoured B(Z)-vinylsilane isomer (4) via generation
of the B(E)-silylvinylidene intermediate through isomerization
of the B(Z)-silylvinylidene (Scheme 3).

From a more general point of view, our work highlights
the importance of SILP morphology and, in particular, of the
adjusted SILP thickness, on the structural and transport
dynamics as well as the selectivity of reactions occurring
inside a SILP. Implementation as continuous-flow experiment
with UHPLC-separation based online analytics has been
essential in recognizing the evolution of Z/E-selectivity over
hours and thereby tracing the slow release of the Z-isomer
from the rigid part of the SILP as a function of dgyp. To the
best of our knowledge, this is the first example for a
confinement jointly generated by a tailored structural motif
in a catalyst (chelating ligand) and the morphology of a very
thin IL layer. We therefore anticipate similar effects of rigid
vs. bulk SILP microstructure, which become convoluted as
the SILP thickness increases from thin to thick, to be
manifested also in other reactions, e.g., in the closely related
hydroboration and hydroamination reactions.

Experimental

Chemicals and columns

Methanol (HPLC grade) came from VWR Chemicals
(Darmstadt, Germany) and water was used as received from
a Milli-Q gradient purification system (Millipore, Bedford,
MA). HPLC grade MTBE and CH,Cl, as well as PA (98%),
DMPS (>98%), and [BMIM][BF,] (=97%) were obtained
from Sigma Aldrich (St. Louis, MO). DMPS was stored at 4
°C, while MTBE was dried over sodium to remove residual
water and stored under inert gas with a molecular sieve (3
A) until use. Catalysts Rh-1,* Rh-2,°” and Rh-3 (ref. 68) were
prepared according to established protocols. For
hydrosilylation, we used a macro-mesoporous silica
monolith received from Merck KGaA (Darmstadt, Germany)
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as 4.6 mm inner diameter x 100 mm length column clad in
polyether ether ketone. The silica monolith had mean
macropore and mesopore sizes of 1.84 pm and 32.9 nm,
respectively. The reaction mixture (compounds 1-5,
Scheme 2) was separated on a 3.0 mm inner diameter x 100
mm length UHPLC column packed with phenyl-hexyl-
modified, fully porous silica particles with nominal mean
particle and mesopore sizes of 1.8 pm and 9.5 nm,
respectively (Agilent Technologies, Santa Clara, CA).

Microreactor operation

Continuous-flow  hydrosilylation realized by
implementation  of  commercially  available @ HPLC
instrumentation, as depicted in Fig. 3. Substrate solution (25
mM PA and 32.5 mM DMPS in dry, absolute MTBE) was
connected to a binary pump with a septum and metal
capillary. This solution was pumped at a flow rate of Q =
0.066 mL min' through the reactor placed in a
thermostatted compartment (50°C). The reaction solution
from the microreactor was transferred by a valve to the
second (analytical) dimension, where the reaction mixture
was separated using UHPLC (c¢f. Fig. 4) and analyzed with a
diode-array detector (260 nm).

was

Hardware components (as shown in Fig. 3)

1, substrate solution; 2, autosampler (Agilent 1290 Infinity II
Series, G7129B); 3, quaternary pump for second-dimension
online analytics (Agilent 1290 Infinity II Series, G7104A); 4,
binary pump for first-dimension reaction control (Agilent
1290 Infinity II Series, G7120A); 5, 2-position/6-port valve for
connecting first and second dimensions (Agilent 1290 Infinity
Series, G1170A); 6, online diode-array detector (Agilent 1260
Infinity II Series, G7115A); 7, thermostatted compartment
with UHPLC column (Agilent 1290 Infinity II Series, G7116B);
8, thermostatted compartment with monolithic microreactor
(Agilent 1290 Infinity II Series, G7116B); 9, online diode-array
detector (Agilent 1290 Series, G4212A).

SILP preparation

For impregnation, the monolith was flushed with a solution
of [BMIM][BF,] in CH,Cl, (also containing Rh-1). After
removal of CH,Cl, by overnight vacuum-drying, a layer of the
catalyst-containing IL remained on the monolith surface,
almost exclusively (>99%) intraskeleton mesopore surface.
Variation of the SILP thickness was achieved by adjusting the
IL volume deposited inside the mesopores (V)

Vv
dsup = ——>—— (3)

MsilicaAmeso

where mgic, 1S the mass of solid silica present in the column
and Aneso 1S the specific mesopore surface area of the
monolith (110 m> g™). In practice, a SILP thickness is first
specified and the corresponding Vy;, calculated using eqn (3).
Mgilica Tequired for calculation of dgsyp can be accessed by

This journal is © The Royal Society of Chemistry 2025
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Milica = (Vcolumn - Vvoid)psilica (4)
where Veojumn i the volume of the empty column and V,;q is
the void volume of the column in the presence of the silica
monolith; pgica i the density of the solid, amorphous silica
(~2.2 g cm™).%>7°

With V,uq determined as the elution volume of a small,
non-adsorbing tracer on the monolithic column, verified by
the elution of PA in pure acetonitrile, we found mg;jica = 0.447
¢ (additional details behind the determination of mg;jc, can
be found in the ESIf). For a targeted SILP thickness of 1 nm,
for example, Vyy, is then given by

Vip=1x10"" cm x 0.447 g x 110 x 10* cm® g”* = 0.05 mL

Accordingly, the dry monolithic column was saturated up to
Vwoia With IL in CH,Cl, containing the corresponding Rh-
catalyst. The solution used for preparation of the 1 nm-thick
SILP in the above example thus consisted of the V;, = 0.05 mL
[BMIM][BF,] and a CH,Cl, volume of Vyuq-Vir. After SILP
formation in the mesopores of the monolith, CH,Cl, was
evaporated and the column flushed with MTBE. Four SILP
thicknesses were realized, ranging from the thin-SILP-limit
(dsip = 1 nm), below which a uniform monolayer of [BMIM]
[BF,] will be difficult to establish along the mesopore surface,
to the thick-SILP-limit (dsyp = 15 nm), when the ~30 nm wide
mesopores become fully saturated with IL. SILP thicknesses
and associated values of Vi and mgyp.; (mass of Rh-catalyst in
each SILP) are summarized in Table S2 of the ESLf

Stopped-flow experiments

Experiments were run for ds;p = 1 nm and 15 nm. After the
(standard) continuous-flow experiment, in which the reactor
was fed with reaction solution (25 mM PA and 32.5 mM
DMPS in MTBE) for 600 min, the pumping system was
switched to pure MTBE and the reactor flushed until no
substrate and product molecules could be detected any
longer in the effluent. Then, the flow was stopped and the
reactor left at rest in pure MTBE for 18 hours. This long
extraction period guaranteed a sufficient diffusive release of
the trapped B(Z)- and B(E)-isomers from the SILP into the
MTBE phase. After this period the flow was restarted (pure
MTBE, Q = 0.066 mL min"") and the reactor effluent analysed
for the amount of the two isomers released from the
corresponding SILP phase.

Data availability

e Data for this article, including primary data for the NMR
spectra, kinetic measurements, and chromatograms are
available at the Data Repository of the University of Stuttgart
(DARUS) [https://darus.uni-stuttgart.de] in connection with
the DOI of the published paper.

e Further data (experimental details, chromatograms,
NMR spectra, crystallographic details for Rh-1 and Rh-2)
supporting this article have been included as part of the ESL}
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e Deposition numbers CCDC 2430795 (Rh-1) and 2441044
(Rh-2) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint

Cambridge Crystallographic Data Centre and
Fachinformationszentrum  Karlsruhe Access  Structures
Service.
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