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le transposition and
hydrogenation of alkenes via interconnected
reaction mechanisms

Jonathan R. E. Cobb, Henry M. Dodge, Zoe E. Stuart, Elvis D. Perez
Galarza, Shrabanti Bhattacharya, Changho Yoo, Chun-Hsing Chen
and Alexander J. M. Miller *

Cation-switchable catalysis is a promising strategy for modulating reaction rates or selectivity using external

stimuli, with potential applications including polymer synthesis and tandem catalysis. This study establishes

a deeper understanding of the mechanistic origins of cation rate promotion in systems where a hemilabile

crown ether affixed to the catalyst serves as a cation receptor site, which in turn enables reactivity

extensions of this platform to introduce cation-switchable alkene hydrogenation. The mechanistic study

hinges on the synthesis of two previously unreported iridium(III) complexes, bearing either bis(2-

methoxyethyl)amine or diethylamine groups, which could be compared in catalysis with and without

cation promoters. Only the catalyst containing a crown ether exhibits switchable catalysis, providing

support for a “substrate gating” mechanism in which cations tune the hemilability of the crown ether

donors to enable alkene binding. The generality of the substrate gating mechanism is established

through the extension of catalytic reactivity to cation-switchable alkene hydrogenation. The crown-

ether-containing catalyst was found to be an effective hydrogenation catalyst capable of reducing

internal and trisubstituted olefins. The isomerization and hydrogenation reactions occur at similar rates in

some cases, and kinetic and labeling studies provide insight into the implications of competitive reactivity.
Introduction

Nature's enzymes are oen regulated by cofactors that inuence
the activity or selectivity of the reaction in a phenomenon
known as allostery.1,2 For example, isocitrate dehydrogenase
mediates the decarboxylation of isocitrate into a-ketoglutarate
during the Krebs cycle only in the presence of dications such as
Ca2+, Co2+, or Mg2+.3 Such allostery is a central tenet of bi-
ocatalysis, wherein enzyme–guest interactions at a distal site
induce a conformational change that promotes catalysis.4

Chemists have long sought analogously responsive synthetic
catalysts, using chemical, electrochemical, or photochemical
promoters/switches.5–11 Switchable catalysts have led to break-
throughs in polymer synthesis, where unprecedented control
over (multi)block copolymers is made possible, with additional
applications in small molecule transformations related to
tandem or cascade reactions.8

Among the chemical switches studied to date, cations are
attractive because the wide variety of available salts can result in
carefully tailored reactivity.12 Our group has developed pincer-
crown ether catalysts that pair a multidentate ligand frame-
work with a macrocyclic cation receptor site.13 The rst version
th Carolina at Chapel Hill, Chapel Hill,

–23341
of this catalyst, [(15c5NCOPiPr)IrH][BArF4] (ArF = 3,5-bi-
s(triuoromethyl)phenyl), contained an aza-15-crown-5 ether
receptor that enabled alkene isomerization with switchable and
tunable activity using Li+ as the “on switch” and Cl− as the “off
switch” (Fig. 1A).14 The turnover frequency (TOF) for allylben-
zene positional isomerization with [(15c5NCOPiPr)IrH]+ alone
was low, but together with LiBArF4$3Et2O the catalytic activity
increased by more than a factor of 1000 to reach a TOF of 2000
h−1.14 A catalyst with a larger, Na+-selective aza-18-crown-6 ether
moiety was capable of alkene transposition over multiple sites,
enabling cation-switchable selectivity where the 2-(E)-isomer
was formed without Na+ and the 3-isomer was formed when Na+

was present.15 These catalysts are among the fastest known for
transpositional alkene isomerization.

We have considered two possibilities for the mechanism of
cation-induced reaction rate promotion in catalysis. The cations
could be modulating the hemilability of the crown ether, gating
substrates from accessing the active site (Fig. 1B). When no
cations are present, alkenes are prevented from binding the
iridium center because the active site is blocked by crown ether
donors. When cations are present, alkene binding becomes
favorable due to the formation of cation–crown interactions
which provide an open coordination site for the alkene. An
additional possibility is that the positively charged ion in the
crown ether could induce a local electric eld, lowering
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Cation-switchable positional isomerization of alkenes. (B) Mechanistic proposal highlighting two hypotheses for the origin of cation
promotion: substrate gating (cation-tuned hemilability) and electric field effects. (C) Three catalysts designed to probe cation-responsive
catalysis mechanisms.
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turnover-limiting activation energy (Fig. 1B).16,17 We were eager
to understand which of these mechanisms was the dominant
factor in controlling catalysis, which could have broader
implications in the design of cation-switchable catalysts.

Fig. 1C shows the three catalysts that were designed to
systematically disentangle substrate gating (cation-tunable
hemilability) from cation-induced electric eld effects. The
catalyst 15c5Ir features the original pincer-crown ether ligand,
which can engage in hemilabile ether binding to Ir and can
support strong cation–macrocycle interactions. The catalyst
BMEIr bears a bis(2-methoxyethyl)amine group, which can still
support hemilabile ether binding to Ir but would be expected to
have a low binding affinity for cations. Finally, the complex EtIr
features only a diethylamine group and is unable to engage in
signicant donation either to Ir or to cations.
© 2025 The Author(s). Published by the Royal Society of Chemistry
If substrate gating is the primary mechanism of cation
promotion, and electric elds imparted by the proximal cation
are negligible, the rate of isomerization by EtIr should be similar
to 15c5Ir with the lithium activator. Conversely, if the local
electric elds of the proximal cation are essential to the rapid
rates of isomerization, then EtIr—which cannot localize a posi-
tive charge near the metal center—should be much slower than
the original system. BMEIr should react slowly both with and
without Li+ due to its lack of a cation receptor site, serving as an
important control.

The two plausible mechanisms would also be expected to
have different behavior when expanded beyond the original
context of alkene transposition. Electric eld effects are ex-
pected to be fairly narrow in reaction scope, based on the exact
nature of the transition state structure and how it might be
Chem. Sci., 2025, 16, 23330–23341 | 23331
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Fig. 3 Synthetic routes to [(EtNCOP)Ir(H)(dme)][BArF4] (
EtIr).
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inuenced by a local positive charge.18 A substrate gating
mechanism, conversely, should be much more general: analo-
gous cation promotion would be expected for many other
reactions that rely on an olen binding step (alkene hydroge-
nation, in this case).

The results of a comparative study of iridium pincer catalysts
for alkene transposition and hydrogenation are reported here.
Only the pincer-crown ether catalyst, with a macrocyclic cation
receptor group, is capable of switchable catalysis. The
maximum rate of the pincer-crown ether catalyst is very similar
to a model catalyst without a macrocycle, consistent with
a substrate gating mechanism—rather than electric eld
effects—explaining the cation rate-promotion effects. A rare
example of switchable alkene hydrogenation catalysis is also
reported, demonstrating the generality of substrate gating to
control additional alkene reactions. The isomerization and
hydrogenation reactions are found to bemechanistically linked,
with positional isomerization and hydrogenation occurring on
the same time scale in substrates capable of isomerization. The
mechanistic probes introduced here provide insight into the
mechanism of a high-performing class of switchable catalyst,
while also offering a more broadly applicable approach to
understanding and advancing cation-switchable catalysis.
Results and discussion
Synthesis of iridium complexes

The macrocycle-containing pincer-crown ether catalyst 15c5Ir,
with a methoxy group included in the backbone to improve
catalyst resistance to arene cyclometallation, was prepared as
previously reported.19 To access BMEIr, the previously reported
hydrido chloride complex k4-(BMENCOP)IrH(Cl)20 was treated
with NaBArF4 to abstract the chloride ligand and induce ether
chelation. The cationic hydride complex BMEIr was obtained in
96% yield (Fig. 2). Characterization details are provided in the
following section.

A similar synthetic strategy was attempted to access EtIr via
chloride abstraction from the previously reported dimer [k4-
(EtNCOP)IrH(Cl)]2.20 However, independent reactions of the
chloride-bridged dimer with NaBArF4, AgBArF4, LiBArF4, [Li]
[Al(OC(CF3)3)4], and [Ph3C][BAr

F
4] in PhCl or CH2Cl2 revealed

little or no conversion to the target cationic product. At rst, we
turned to treatment with TlBArF4 in CH2Cl2 in the presence of 5
equiv. 1,2-dimethoxyethane (dme), which resulted in formation
of a white precipitate presumed to be TlCl. As shown in Fig. 3,
the reaction proceeded in 93% yield to the dme adduct of
Fig. 2 Synthesis of [(BMENCOP)IrH][BArF4] (
BMEIr).

23332 | Chem. Sci., 2025, 16, 23330–23341
cationic hydride EtIr. Aer developing this procedure, we
became aware that trimethyloxonium (Me3O

+) could be utilized
for halide abstraction in some cases,21 so we examined this
reagent as a potential alternative with fewer toxicity concerns.
Treating the dimer with 2 equiv. [Me3O][BF4] in CH2Cl2 in the
presence of excess dme followed by anion exchange with 2
equiv. NaBArF4 provided EtIr in 98% yield and established
a second route to the desired catalyst. Characterization details
are provided in the following section.

Comparing catalyst structural and spectroscopic properties
1H NMR spectroscopy and single-crystal X-ray diffraction (XRD)
analyses of the three complexes suggest weaker donation from
dme compared to the ethers tethered to the pincer framework
(Fig. 4). The hydride resonances of 15c5Ir (1H d = −29.9 ppm)
and BMEIr (1H d = −30.1 ppm) had almost identical chemical
shis, consistent with a similar degree of donation from the
ether trans to the hydride. The hydride resonance of complex
EtIr (1H d=−31.0), however, was found approx. 1 ppm upeld of
the signals for 15c5Ir and BMEIr, which is consistent with weaker
donation from the dme ligand in EtIr compared to the pendent
ethers in 15c5Ir and BMEIr. Trends in the length of the Ir–O bond
trans to the hydride (Ir–O4) mirror trends seen in the NMR
spectroscopic analysis, with 15c5Ir and BMEIr having very similar
Ir–O4 distances, while EtIr has a ca. 0.1 Å longer Ir–O4 distance.
The shorter Ir–O4 distances are likely related to the ether
donors being part of larger chelates, as reected in longer Ir–N
distances and more acute N–Ir–O4 angles in 15c5Ir and BMEIr
relative to EtIr (Fig. 4 and Table 1).

Cation-modulated transpositional alkene isomerization

The three cationic iridium hydride complexes were tested as
catalysts for positional alkene isomerization with and without
Li+ salts. The substrate 1-triisopropylsiloxybut-3-ene (1-TIPSO-
but-3-ene) was selected for the comparative study because its
ve possible alkene isomers enable studies of both activity and
regio- and stereoselectivity differences, and because it does not
contain an arene group, which can bind Ir in some cases (see
Fig. 5 for naming convention).19 The doubly transposed (E)-1-
ene product is the thermodynamically favored isomer.15 The
three catalysts were tested under conditions of 2 mol% catalyst,
0.5 M substrate, with or without 2.2 mol% LiBArF4$3Et2O, at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structural and spectroscopic comparisons across the three iridium catalysts. Molecular structures with ellipsoids drawn at the 50%
probability level are shown at left, with hydrogen atoms (except for the hydride), solventmolecules, and counterions omitted for clarity. Structure
for 15c5Ir reproduced from the literature.21 Alternative views highlighting key metrical parameters are shown in the center. 1H NMR spectra of the
hydride region are shown at right.

Table 1 Selected bond angles (°) and distances (Å) for the X-ray
diffraction structures

Bond/angle 15c5Ir BMEIr EtIr

Ir–P 2.210(1) 2.202(2) 2.213(9)
Ir–N 2.11(3) 2.151(7) 2.258(3)
Ir–O3 2.326(3) 2.250(6) 2.263(2)
Ir–O4 2.272(3) 2.260(6) 2.318(3)
N–Ir–O3 91.73(12) 76.7(3) 92.76(10)
N–Ir–O4 78.52(12) 79.7(2) 91.72(10)
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room temperature. The reactions were monitored by 1H NMR
spectroscopy, and kinetics were assessed by comparing rst-
order half-lives of the starting olen and any olen intermedi-
ates, acquired from the kobs values of these reactions (see SI for
complete kinetic analysis information).

The macrocycle-containing catalyst 15c5Ir exhibited the ex-
pected switchable catalysis behavior. In the presence of Li+,
15c5Ir is highly active, converting the terminal alkene to the 2-
© 2025 The Author(s). Published by the Royal Society of Chemistry
ene with a half-life of 4.5 min and forming the 1-ene with a half-
life of 520 min (Fig. 5). In the absence of Li+, the reaction
proceeds lethargically, with a half-life of over 100 000 min to
produce the 2-ene. Only traces of the 1-ene (<1% of total
product) were observed aer 5 h. The reactivity ratio, the initial
TOF with Li+ divided by the TOF without Li+, was 130 for the rst
isomerization (Fig. 5B). This reactivity is similar to prior reports
of isomerization with this catalyst;14 however, the non-
macrocyclic catalysts BMEIr and EtIr had not previously been
tested for cation-promoted alkene isomerization.

The bis(methoxyethyl)-based catalyst BMEIr is a slow catalyst
that responds weakly to lithium salts. With no cations present,
BMEIr performs the rst isomerization with a 4100 min half-life,
and only traces of the doubly isomerized product were observed
aer several days. With cations present, the rates of the rst
isomerization by BMEIr were ca. 2.5 times faster than without
Li+, much less than the 130-fold Li+ rate acceleration for 15c5Ir.
We hypothesize that the acyclic ethers are hemilabile to
a similar degree as the crown ether, explaining the similar rate
in the absence of cationic stimuli. However, though BMEIr has
Chem. Sci., 2025, 16, 23330–23341 | 23333
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Fig. 5 (A) Summary of kobs and t1/2 values for 1-triisopropylsilyloxy-but-3-ene isomerization by the three iridium catalysts. (B) Log(TOF) plot for
first isomerization by catalyst with reactivity ratio values (rr = TOF in active state/TOF in inactive state) capping each bar. Both EtIr TOF values are
plotted as the lower bound (SI Section III).
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two donors available to coordinate with Li+, the catalyst does
not have a macrocyclic receptor site for cations, and so the
interactions are insufficient to meaningfully modulate the
substrate binding equilibrium.22 This comparison highlights
the necessity of polyethers for establishing strong oxygen–Li+

interactions that enable switchable reactivity.22–24
EtIr, with a simple diethylamine moiety and a separate dme

chelate, exhibits high activity both in the absence and presence
of cations. The rst transposition proceeds with a half-life of
less than 3 min with and without Li+. Kinetic analysis of the
second transposition revealed an approximately twofold
increase in activity when Li+ was present. This is attributed to
Li+ aiding the dissociation of dme from iridium through
formation of a dme adduct of Li+. The observed twofold rate
increase when Li+ was present with EtIr is quite modest when
compared to the differences seen for the macrocycle-containing
catalyst 15c5Ir. Although 15c5Ir/Li+ and EtIr are both fast catalysts,
they feature distinct stereoselectivity. The stereoselectivity of
the rst transposition to generate the 2-ene wasmore than twice
as high for 15c5Ir (20 : 1 E : Z) than for EtIr (9 : 1 E : Z) (Fig. 5). It is
rare for a catalyst to be both highly active and highly regio- and
stereoselective.14,15,25 Critically, EtIr supports rapid catalysis even
in the absence of salts, as the substrate is not effectively pre-
vented from binding, which precludes switchable catalysis.

If electric eld effects were responsible for modulating
activity in the presence of cations, then slow rates from both
BMEIr and EtIr would be expected as neither can retain Li+ near
Ir. Alternatively, if substrate gating was the governing factor,
then EtIr would be expected to operate quickly with or without
Li+, reective of the dme ligand's high lability. Similarly, BMEIr
would be expected to operate slowly in all cases due to a higher
Ir–O dissociation equilibrium constant in a pincer framework
ether compared to dme. A comparison of the isomerization
rates reveals that EtIr with or without Li+ operates in a similar
range to catalyst 15c5Ir/Li+. EtIr was found to be slightly faster
than the pincer-crown-ether-containing catalyst 15c5Ir, which we
attribute to the slightly larger steric prole of the crown ether
relative to two ethyl groups. This comparative study of
23334 | Chem. Sci., 2025, 16, 23330–23341
positional isomerization catalysis therefore strongly supports
the substrate gating mechanism.

Prior thermodynamic and spectroscopic studies provided
compelling evidence for selective binding of Li+ to the macro-
cyclic portion of the catalyst. The alkali metal cation binding
affinity to Ni and Ir model complexes was studied previously,
with 1 : 1 Li+ binding to 15-crown-5 moieties found to be 29
times stronger than Na+ binding.26 Mass spectrometry and
crystallography provide additional evidence for cation binding
to the crown ether when the NCOP ligand is coordinated to the
transition metal in a tridentate fashion.26 Mirroring the binding
affinity studies, Li+ activates the Ir catalyst for allylbenzene
isomerization to reach rates ca. 1000 times faster than Na+ or K+

salts.14 Kinetic analysis provided a rate law that shis as
a function of Li+ concentration, consistent with a change in
resting state from the 15c5Ir to the Li+ adduct of this species
(structurally characterized for arene-containing substrates).19

These studies showed that Li+ bound to the crown ether in
15c5Ir, but could not distinguish between tunable hemilability
and electric eld effects being responsible for the rate increases.
We now have spectroscopic, thermodynamic, and kinetic data
supporting the substrate-gating mechanism.

Cation-switchable alkene hydrogenation

We expected that if the mechanism of cation control on reac-
tivity is substrate gating, then other reactions that rely on olen
binding at Ir should also have similar switchable catalytic
behavior. On the other hand, a local electric eld stabilizing
a transition state might not be general, since each reaction is
likely to have a distinct turnover-limiting step. Accordingly, we
initiated a study of cation-switchable alkene hydrogenation
with the subject iridium catalysts.

The time course plot of Fig. 6A shows that cation-switchable
hydrogenation is possible using Li+ to activate the catalyst and
the organic macrocycle 12-crown-4 to sequester the cation and
deactivate the catalyst. When o-(triuoromethyl)styrene was
allowed to react with 2 mol% 15c5Ir for 21 h under 1 atm H2, just
1.2% of the corresponding ethylbenzene product was observed
via 1H NMR spectroscopy. However, the addition of 2 equiv.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Cation-controlled hydrogenation of o-(trifluoromethyl)styrene
with 15c5Ir. Conditions listed inprevious paragraph indichloromethane solvent.
The arrows denote the times atwhich various reagents, with equivalents listed
relative to 15c5Ir, were added. (B) Plot showinghydrogenation rate acceleration
of p-(trifluoromethyl)styrene with increasing Li+ loading. (C) Styrene hydro-
genation yields with each catalyst in the presence or absence of Li+. (D) Yield
and TOF values from short 5-minute alkene hydrogenations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LiBArF4$3Et2O to the mixture initiated the reaction, affording
50% o-(triuoromethyl)ethylbenzene in 20 h. The addition of 20
equiv. 12-crown-4 (maintaining the H2 atmosphere) effectively
stopped the reaction, while adding additional LiBArF4$3Et2O re-
initiated reaction progress to nally afford 72% of the alkane
product in 79 h total. This experiment offered promising
evidence that we could generalize previously reported switch-
able catalysis to the realm of hydrogenation.

To maximize catalytic activity, sufficient amounts of Li+ must
be present. Comparing the yield of hydrogenation of p-(tri-
uoromethyl)styrene in the presence of 5, 10, and 15 mol%
LiBArF4$3Et2O, a rapid saturation in activity was observed
(Fig. 6B). This aligns with prior studies of isomerization sug-
gesting that Li+ binding to the crown ether in the catalyst is
sufficiently strong under these conditions that no further rate
enhancement is observed aer the rst few equivalents.14,19,26,27

The hydrogenation reactions were sufficiently rapid that
NMR-scale reactions suffered from mass transport limitations
associated with the dissolution of H2 gas, causing unreliable
kinetics. Therefore, we utilized high-pressure reactors in
subsequent studies to ensure ample H2 was present in solution
throughout the reaction. Under these conditions, we compared
the styrene hydrogenation reactivity of 15c5Ir, BMEIr, and EtIr
(Fig. 6C). The same reactivity trends observed for isomerization
are observed for hydrogenation, with BMEIr giving only 1%
ethylbenzene in the absence of Li+ and 3% with added Li+,
reective of the slight rate enhancement by Li+ in the positional
alkene isomerization study. EtIr provided 100% yield without Li+

and 99% with Li+; BMEIr is always inactive and EtIr is always
active. Only 15c5Ir can switch between off and on states using Li+

as a regulatory cofactor, giving 58% yield in the active state and
only 1% yield with no Li+ present. This provides further support
for the substrate gating hypothesis, and suggests the mecha-
nism can be applied across reaction classes.

There are not many examples of switchable catalytic alkene
hydrogenation. Choudhury and co-workers disclosed the use of
N-heterocyclic carbene ligand frameworks to accomplish acid/
base-controlled hydrogenation of quinoxalines at iridium.28

Additionally, Fan and co-workers presented cation-controlled
host–guest interactions to demonstrate asymmetric hydroge-
nation of cinnamate esters at rhodium, with activity augmented
via the addition of cations; they later reported a pH-controlled
molecular shuttle to aid in the hydrogenation of a,b-dehydro-
amino acid esters and aryl enamides.29,30 Hydrogenation is
a fundamental transformation in industries that rely on catal-
ysis, for example constituting ca. 14% of all transformations for
active pharmaceutical ingredient (API) synthesis.31 Therefore,
expanding the library of control mechanisms over this impor-
tant reaction is impactful to the synthetic chemist.

It is valuable to make comparisons between cation-
switchable hydrogenation and isomerization. Initial rates
studies (Fig. 6D) provided TOF values for styrene hydrogenation
(200 h−1) and cyclic alkenes (ca. 550 h−1) that are in the same
order of magnitude as the rst positional isomerization of 1-
TIPSO-but-3-ene. The reactivity ratios for these hydrogenations
are even larger than that observed for 1-TIPSO-but-3-ene isom-
erization (Fig. 5) and are excellent when compared to other
Chem. Sci., 2025, 16, 23330–23341 | 23335
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chemoswitchable catalysts.32,33 The hydrogenation rates are
similar to the rate of D2 activation established in studies of H/D
exchange in this catalyst system.34 This comparison suggests
that terminal to internal alkene positional isomerization can
occur on the same timescale of hydrogenation, at least for some
olens.

To establish the relative reactivity of various alkenes for
hydrogenation by 15c5Ir and understand the inuence of isom-
erization, a broader hydrogenation survey was undertaken.
Fig. 7 shows the conditions and summarizes the yields
produced aer a 1-hour hydrogenation. In the absence of any
Li+ salt, the yield of hydrogenation was less than 10% for almost
every substrate. With added LiBArF4, however, good yields of
alkanes were observed in most cases.

The series of octene isomers provide an interesting case study.
Both 1-octene (1) and 2-octene (2) were fully hydrogenated within
1 hour. When the alkene was positioned deeper in the chain as in
Fig. 7 Summary of hydrogenation yields. Select substrates were chos
performance at 25 °C, all entries run in duplicate. Yields quantified by N
deviation of each pair of runs across all substrates (details in SI). aReporte
also observed. cSubstrate not fully soluble in dichloromethane. dOnly
a substrate, no hydrogenation was observed (SI, Section IV).

23336 | Chem. Sci., 2025, 16, 23330–23341
3-octene (3), however, the yield of n-octane was lower. The similar
yields for hydrogenation of 1 and 2 is the result of rapid isom-
erization of 1 to 2 in the fewminutes between loading the reactor
and pressurization with H2. The isomerization is sufficiently fast
that the true substrate is the 2-alkene for both 1 and 2. On the
other hand, isomerization from 2 to 3 is much slower than the
60 min reaction time of the hydrogenation (t1/2 for second
transposition of TIPSO-butene = 520 min). This is fortunate,
because 3 is a relatively poor substrate (presumably due to the
larger ethyl substituent on the alkene). A similar trend is seen for
allylbenzene (4) and (E)-b-methylstyrene (5), which are related by
a single positional isomerization and produce n-propylbenzene
in similar yields. Again, isomerization from the terminal alkene
to the internal alkene occurs by the time H2 is added, so the
reactions are effectively the same.

Other disubstituted alkenes generally gave high yields of
hydrogenation. Cyclic alkenes 21 and 22 gave near-complete
en for reactions at 60 °C based on high steric strain and/or under-
MR spectroscopy, with 2% uncertainty based on the average standard
d as the conversion of the starting alkene. bTraces of polystyrene were
cyclohexanone was observed; when cyclohexanone was used as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conversion at room temperature under the standard conditions.
Cyclohexenone (23) gave lower yields, which can be attributed to
competitive carbonyl binding to the Ir inhibiting the reaction.15

Controls with cyclohexanone conrm that no carbonyl hydro-
genation was observed with 15c5Ir/Li+, establishing high che-
moselectivity for alkene hydrogenation.

The 1,1-disubstituted alkene methylenecyclohexane (15) also
was hydrogenated in high yield at room temperature. Trisub-
stituted 1-methyl-1-cyclohexene (16), which is a positional
isomer of 15, gave only 18% yield at 25 °C but showed near-
complete conversion upon heating to 60 °C. Here again, the
relative rates of isomerization and hydrogenation are impor-
tant: if 15 was rapidly isomerized to 16, both substrates should
give low yields. Control experiments conrm that isomerization
of 15 to 16 in the presence of 15c5Ir/Li+ under N2 requires
multiple days (t1/2 ca. 50 h). (Z)- and (E)-stilbene were examined
as a pair of substrates that could be related by E/Z isomerization
(stereochemical rather than positional isomerization). In this
case, (Z)-stilbene is preferentially hydrogenated. We hypothe-
size that (E)-stilbene is too bulky to bind well to the Ir center,
precluding both hydrogenation and stereoisomerization. The
result indicates that E/Z isomerization is slow in this case,
which is benecial because the less reactive E isomer is more
thermodynamically stable—if rapid isomerization did occur,
essentially no hydrogenation would be observed for (Z)-stilbene.

To ascertain the site of hydrogenation for alkenes that could
undergo positional isomerization, a deuterium labeling study
was undertaken. Under the standard reaction conditions, but
with 6.8 atm D2 instead of 9.9 atm H2, trans-b-methylstyrene (5)
was converted to isotopologues of n-propylbenzene with two 2H
NMR signals (d = 2.56 and 1.59), corresponding to the a and
b protons (Fig. 8). The 1H NMR spectrum conrmed deuteration
at this position, and both a and b signals integrated to 1H.
Treating allylbenzene (4) with the same conditions revealed the
same set of resonances in the 1H and 2H NMR spectra, consis-
tent with D2 addition exclusively at the internal alkene. The
same trend was observed for the D2 addition to 1-octene (1) and
Fig. 8 Isomerization pathways to explain products observed upon D2

addition to allylbenzene (4, (A)) and 1-octene (1, (B)) with 15c5Ir.
Conditions: 2 mol% 15c5Ir, 2.4 mol% LiBArF4$3Et2OO, 6.8 atm D2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2-octene (2), with exclusive internal D2 addition. A control
reaction with styrene shows that D incorporation occurs only by
D2 addition, not by other H/D scrambling pathways. Ethyl-
benzene formed with only 1 D atom at each of the expected
positions (2H NMR d = 2.64 and 1.20).

Returning to our broader analysis of hydrogenation rates,
several non-isomerizable styrene derivatives were also exam-
ined. The styrene series exhibited a signicant para-substituent
electronic effect, with the more electron-rich substrates under-
going hydrogenation more rapidly (Fig. 9A). Styrenes with meta
and ortho substituents gave higher yields in each case, inde-
pendent of any electronic effects. To conrm that the inde-
pendent reactions accurately reected the proclivity of the
catalyst, competition experiments hydrogenating 9 and 11 in
the same vial were carried out with 2 mol% 15c5Ir or EtIr and
2.4 mol% LiBArF4$3Et2O (Fig. 9B). Aer 24 hours under 1 atm
H2, a 2.2 : 1 ratio of the corresponding alkane from 9 to that of
11 was observed, conrming the higher activity of ortho-
substituted 9.

Initially, we speculated that the methoxy group might be
binding to the Lewis acidic Li+ cation in the macrocycle of the
catalyst, which could enhance the hydrogenation rate. However,
a competition experiment hydrogenating 9 and 11 with 2 mol%
Fig. 9 (A) Hammett plot demonstrating the observed para-electronic
effect. (B) Competition experiments of methoxy-substituted styrene
derivatives with 15c5Ir and EtIr. (C) Proposed geometry of the ortho
effect observed in catalytic hydrogenation of styrene derivatives.

Chem. Sci., 2025, 16, 23330–23341 | 23337
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EtIr—which has no Li+ cation that could promote methoxy
binding—still favored the product from 9 in a 2.4 : 1 ratio,
ruling out the hypothesis (Fig. 9B). We also considered an
iridium–methoxy interaction, but found that 12 and 13—both
of which cannot bind to Ir—both also gave 100% yield of the
corresponding alkane in one hour (Fig. 7). We therefore ascribe
the high reactivity to a stereoelectronic effect: any ortho group
forces the vinyl unit out of conjugation with the aryl ring,
increasing the nucleophilicity of the vinyl group, promoting
binding and in turn improving activity (Fig. 9C).

The alkene/arene conjugation effect is apparent in Fig. 7 in
the series moving from ortho-substituted styrenes (highest rates
of hydrogenation), to unsubstituted styrene (7) which has free
rotation with the conjugated rotamer preferred (and interme-
diate rates), to indene (6) which is constrained such that the
alkene and arene must remain conjugated (and has the lowest
rates).

Although detailed kinetic studies would be needed to
establish a complete mechanism for the hydrogenation reac-
tion, some preliminary speculation is possible by extending our
prior knowledge of the mechanism of alkene transposition
Fig. 10 (A) Plausible mechanisms for alkene hydrogenation. (B) Cycloalk

23338 | Chem. Sci., 2025, 16, 23330–23341
(Fig. 10).15 The resting state in NMR-scale experiments was the
starting complex 15c5Ir with two ethers bound. Alkene binding
promoted by Li+ would generate a ve-coordinate olen hydride
complex that is proposed to be the key intermediate in alkene
isomerization (Fig. 10A). This complex has a binding site
available for H2, which would form a six-coordinate dihydrogen
complex intermediate that is directly analogous to the inter-
mediate derived from (PCP)IrH+ (Fig. 10B) in a recent study of
alkane transfer dehydrogenation by Goldman, Hasanayn, and
co-workers.35 Turnover could be afforded by insertion to form
an alkyl, followed by alkane release either by H2 oxidative
addition and alkyl hydride reductive elimination or by direct
hydrogenolysis of the alkyl in a single step (Fig. 10A, top).
Another mechanistic possibility would be the microscopic
reverse of the new elementary step proposed in the pathway for
alkane dehydrogenation by Goldman, Hasanayn, and co-
workers, which involves concerted Ir–H and C–H bond forma-
tion (Fig. 10A, bottom).35 In the hydrogenation direction, the
dihydrogen olen hydride complex would undergo concerted
hydrogen transfers from IrH and H2 to produce the alkane s-
complex. Due to the unique geometry of this concerted
ene rate comparisons as a mechanistic probe.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transition state, (PCP)IrH+ hydrogenates cyclopentene 670
times faster than cyclohexene. In the case of 15c5Ir, however, a 5-
minute hydrogenation of these two substrates revealed 90%
yield of cyclohexane and 93% yield of cyclopentane (Fig. 6D).
Therefore, the rates of hydrogenation of these two substrates
with 15c5Ir are almost the same. This would suggest a distinct
mechanism of hydrogenation from (PCP)IrH+, either because
the bound alkene converts to alkane by the top pathway in
Fig. 10A or because alkene binding to Ir is a principal contrib-
utor to the turnover-limiting step.
Conclusions

Two non-macrocyclic pincer iridium catalysts were prepared
and a comparative catalysis study with the previously reported
15-crown-5-containing catalyst was undertaken. Only the
macrocyclic catalyst 15c5Ir demonstrated switchable catalytic
activity, while BMEIr and EtIr showed reaction rates minimally
responsive to cations. Critically, EtIr is highly active in the
absence of cations, ruling out the inuence of a local electric
eld (which the neutral amine arm of this catalyst lacks the
ability to create). This reactivity supports a substrate gating
mechanism reliant on the hemilability of the crown ether
donors as opposed to local electric eld effects stabilizing
a turnover-limiting transition state. Further support for this
mechanism comes from the prior observations that 15c5Ir has
high specicity for rate enhancement by Li+, while the analo-
gous catalyst with a larger aza-18-crown-6macrocycle undergoes
promotion by Na+ with high specicity.14,15

The switchable reactivity of 15c5Ir was extended to alkene
hydrogenation, establishing the generality of the substrate
gating mechanism in controlling reactions of olens. Cyclic,
mono- and 1,2-disubstituted alkenes were successfully hydro-
genated in high yield at room temperature, and heating to 60 °C
enabled access to more highly substituted substrates as well as
long-chain alkenes. In some cases, rapid isomerization
produced a new alkene that was swily hydrogenated at the
isomerized position. In other cases, hydrogenation occurred at
the original alkene position, before transposition could occur to
form a more recalcitrant alkene isomer. High yields were
unexpectedly obtained for ortho-substituted styrenes, attributed
to a stereoelectronic effect in which steric interactions reduce
the conjugation of the alkene. This catalyst shows promise in
accessing bulky alkenes without reducing carbonyls and stands
as a rare example of switchable hydrogenation catalysis.36–39
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