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Mechanistic studies of the anti-Markovnikov hydration of terminal
alkynes mediated by N,N’-bidentate-ligated ruthenium catalysts
are reported. Electronically-asymmetric 2-(2-pyridyl)-benzoxazoles
show higher activity compared to standard 2,2’-bipyridyl ligands.
Detailed in situ NMR has allowed for the quantification of active
catalytic species, and new mechanistic insights were obtained from
kinetic and isotopic labelling studies.

The addition of water to terminal alkynes is an atom-
economical and chemically green method of generating
valuable carbonyl compounds from feedstock chemicals. Many
transition metal catalysts are known to react with Markovnikov
selectivity, forming methyl ketones (Figure 1).! The anti-
Markovnikov hydration of terminal alkynes is dominated by Ru"
generally featuring the [RuCp]*
fragment (Cp = cyclopentadienyl),? although other transition
reported to this
transformation.3 Previously reported Ru catalysts have featured

piano-stool complexes,

metals have been also perform
functionalised monodentate or bidentate arylphosphanes.?24
Bifunctional arylphosphane ligands containing N-heterocycles
which can form hydrogen bonding networks to assist
substrate/catalyst binding,2c?¢> or catalyst self-assembly via
adenine/thymine base-pair analogous ligands,® have also
shown high activity for this transformation.

In 2014, Herzon, Li and Zeng reported a highly selective and
efficient catalyst featuring a 2,2’-bipyridyl (Bpy) ligand; [Ru-
(CF3-Bpy)] ((CFs-Bpy) = 5,5’-bis(trifluoromethyl)-2,2’-
bipyridine), which afforded product at 2 mol% loading at room
temperature,f building upon previous systems developed by
the group for the reductive hydration of terminal alkynes.”
Muldoon and co-workers have previously reported a series of
electronically asymmetric 2-(2-pyridyl) benzoxazole (PBO)

ligands, in a study examining palladium catalysed tert-butyl
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hydroperoxide mediated Wacker-type oxidation reactions,®
finding them excellent catalysts for this challenging reaction.

We wondered whether PBO type ligands would be useful for
alkyne hydration chemistry. This would further expand and
diversify the limited pool of N,N’-bidentate ligands available for
ruthenium-mediated alkyne hydration. While studying rates,
the opportunity was taken to investigate the kinetics of the
reaction and re-evaluate currently proposed mechanisms;
these have been largely inferred from phosphane-based
systems owing to the only relatively recent application of N,N’-
bidentate ligands to this chemistry.*>?

A series of PBO ligands functionalised at the meta-position
on the pyridyl ring were prepared, all in a single synthetic step
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Fig 1 General scheme for transition metal mediated alkyne hydration showcasing
regioselectivity of metals, reaction scheme for this work and catalysts studied.
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Fig 2 A) Direct comparison of initial rates for PBO vs Bpy ligands. B) Hammett plots for Bpy and PBO ligands showcasing relative rates based on ligand functionalisation.

* o* value used.

(see Sl Section 9). Direct comparison of initial rates shows PBO
ligands outcompete substituted Bpy ligand in all cases (Figure
2A). This is most pronounced for poorly performing electron-
rich ligands: (m-Me)-PBO displays an increased rate of 6.7 times
that of (m-Me)-Bpy. In contrast, the difference is smaller for the
best performing ligands of each family, 2-(5-
(trifluoromethyl)pyridny-2-yl)benzo[d]oxazole (5-CF3-PBO)
offering only a moderate rate increase of 1.2 times of CFs-Bpy.

The differing degrees of electronic sensitivity between each
ligand family led us to construct Hammett plots for both Bpy
(Figure 2B, red) and PBO (blue) ligands, based on initial rate
data. For both sets of ligands, a positive Hammett p value was
obtained, agreeing with Herzon and co-workers single
timepoint yield data.?f Interestingly, the p value obtained for
Bpy (1.46) is approximately double that obtained for PBO (0.59).
Due to the symmetrical nature of Bpy there are twice the
number of additional functional groups in comparison to PBO,
conveying at least twice the electronic effect and accounting for
this significantly larger slope.

Kinetic studies for Bpy and PBO systems were performed
with the fastest ligand of each class, electron-poor CF3-Bpy and
5-CF3-PBO. Same-excess experiments revealed a small degree
of irreversible catalyst deactivation for both ligands (Figure S3-
4), leading to apparent catalyst orders greater than one.1° While
several factors were considered, including the formation of
peroxides within the NMP solvent,!! we believe the source of
deactivation is most likely trace amounts of oxygen (see SI S3.1).

Rate data was collected using the single-scan in situ NMR
techniques developed by Flook and Lloyd-Jones.’? This
technique has previously monitored reaction intermediates at
as low as 150 uM concentrations. Pleasingly, we were able to
observe catalyst speciation for both ligand systems which
remained in near constant concentration over the course of the

2| J. Name., 2012, 00, 1-3

reaction (see Sl Section S4). This supports that deactivation was
a one-off event prior to reaction initiation, with in situ NMR
allowing us to quantify active catalyst concentration and adjust
accordingly for each kinetic experiment.3
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Fig 3 Full reaction orders obtained by VTNA studies for both [Ru-(CF3-Bpy)] (A) and
[Ru-(5-CFs-PBO)] (B). Concentration ranges, with bold indicating standard
conditions: [Alkyne] = 0.2-0.3 M, [Ru] = 0.004-0.016 M, [H.0] = 1-2 M in NMP,
room temperature, N».
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Fig 4 Results of kinetic isotope effect experiments and deuterium incorporation of
isolated product. Experiments performed at standard concentrations:
[Alkyne/Alkyne-D] = 0.2 M, [{CpRu(MeCN)s}PFs] = 0.016 M, [CFs-Bpy] = 0.0176 M,
[H,0/D,0] =1 M, in NMP, room temperature, Na.

Reaction orders were obtained using Variable Time
Normalisation Analysis (VTNA),10014 and were found to be
almost identical for each system studied (Figure 3). For both
systems, first order in catalyst, and zero order in both alkyne
and water were obtained, suggesting a common mechanism
with an identical rate determining step.

In situ F NMR monitoring of the hydration of 2-
fluorophenylacetylene vyielded resonances belonging to
catalyst-bound substrate and ligand -CF3 groups (Figures S10,
S17). Taken together with global zero-order kinetics, the
catalytic resting state is likely a product bound species found
after insertion of both substrates on the catalytic cycle, with the
rate determining step involving the breakdown of the
intermediate to release the product aldehyde.

Deuterium labelling studies were carried out (Figure 4).
Using D20 as the deuterium source, the corresponding product
was found to have 53 % D-incorporation at the benzylic
position, with 13 % deuterium found at the terminal aldehyde
proton. Using alkyne-D as deuterium source instead revealed
not only low deuterium incorporation at the aldehyde position
(5 %), but also low deuterium incorporation at the benzylic
position (10 %) (Figure 4B). When the reaction was performed
using both alkyne-D and D;0O, low deuterium incorporation in
the final product was also observed by 2H NMR, which could
suggest that the NMP solvent is non-innocent and may be acting
as a proton shuttle during the reaction.

H/D scrambling was observed in both systems. 2H NMR of
the Figure 4B completed reaction mixture found formation of
HDO, indicating that isotope exchange with H,O had occurred
during the reaction, accounting for D incorporation at the
benzylic position. We observed an increase in the degree of
protonation of alkyne-D of Figure 4A over the course of the
reaction (Figure S22) which could not be attributed to H/D
exchange under ambient conditions, suggesting that H/D
scrambling was occurring in the presence of Ru catalyst only,
reversibly and prior to the rate determining step.

Unexpectedly, both systems resulted in observable KIEs;
kr2o/kp20 of 1.65 and a significant Kaikyne-n/Kaikyne-o Of 3.3. The
large Kaikyne-n/Kaikyne-o KIE does appear to run contrary to
observed zero order kinetics in alkyne but can be explained by
a scenario in which alkyne C-H/D bond cleavage is reversible
and occurs before the rate determining step,> providing the
equilibrium concentration of the species that reacts in the rate

This journal is © The Royal Society of Chemistry 20xx
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determining step is significantly affected by the syhbstitutionof
a C-H for a C-D bond. This also fits withRP5CEAEAYRARePEXHE
rate determining step comes after semi-reversible vinylidene
formation. The smaller kn2o/kp20 also fits into this scenario if the
observed H/D scrambling produces in situ alkyne-D.

To date, the mechanism for Ru-mediated alkyne hydration
has been inferred from phosphane ligand systems reported by
Wakatsuki and Tokunaga (Figures 5A and $24).4° While some
modifications have been suggested when ligands featuring
strong hydrogen-bonding networks are employed,>®1®
mechanism A is generally cited for almost all alkyne hydration
and related hydrofunctionalisation chemistry.l” The key anti-
Markovnikov product determining intermediate is a ruthenium-
vinylidene complex (Figure 5 A3), which increases the
electrophilicity of the terminal a-carbon giving rise to anti-
Markovnikov selectivity. However, mechanism A is suggested to
proceed via Ru'V-hydride complexes, A3-A5, which we could not

A) Ru'Y hydride mechanism proposed by Tokunaga (2001)
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Fig 5 A) - Previously proposed mechanisms for ruthenium-catalysed anti-
Markovnikov hydration of terminal alkynes. B) — Updated proposed mechanism
for N,N'-bidentate ligand families; Bpy and PBO.
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detect. Additionally, isotopic labelling studies using catalytically
active complex RuCpCl(PPhs); found that the acetylenic proton
was incorporated unambiguously as the product aldehyde
proton,® contrary to our findings.

Our experiments, and observed differences to literature
findings, prompted us to re-evaluate these mechanisms as
applied to N,N’-bidentate ligands (Figure 5B). Initial coordination
of the alkyne to the Ru centre (B1) proceeds to the product-
determining vinylidene via outer-sphere deprotonation/protonation
mechanism (B2-B3), as opposed to a Ru'"v hydride pathway A3, which
we were unable to observe experimentally (Figure S14), facilitated
by a base (H,0, excess ligand, or solvent are potential bases with the
pKanw of NMP implicating it as the likely proton acceptor). n-
coordination of the alkyne and subsequent deprotonation to form
Ru-acetylide complex B2 is likely to be reversible, in agreement with
isotope labelling experiments. H/D scrambling is expected to occur
on both the conjugate acid formed from the deprotonation of the
alkyne (B2) and on the vinylidene itself (B3), as the pK, of ruthenium
vinylidene protons has been estimated at 11-13,'® and have been
shown to rapidly exchange with D,0 at room temperature.®

After formation of the vinylidene, the formal addition of water
occurs via two steps. Addition of -OH via nucleophilic attack at the
electrophilic vinylidene a-carbon forms Ru a-hydroxy vinyl complex
(B4), which is protonated by a second equivalent of water to yield Ru
hydroxyalkyl complex (B5). Deprotonation of the hydroxyl group
facilitates the formation of Ru acetyl complex (B6), yielding the
aldehyde via protonolysis, which kinetic, Hammett and spectroscopic
evidence suggest as rate-determining. Global zero order kinetics and
lack of deuterium incorporation at the aldehydic position strongly
implicate NMP solvent involvement in proton transfer.

Ke and co-workers have reported a similar mechanism in their
detailed theoretical study of Ru-mediated reductive hydration of
alkynes.?® Re-examining Ke’s potential energy surface, an energy
span analysis supports product protonolysis as a possible rate
determining step (Sl section S7) adding complementary theoretical
support to our experimental work.

In conclusion, we have shown that PBO ligands provide a new
family of N, N’-bidentate ligands for the anti-Markovnikov hydration
of terminal alkynes. Compared to the previously reported Bpy
ligands, PBO offers unanimously improved reactivity, particularly for
electron-rich PBOs, where Bpy offers much poorer general
performance. However, that the two best ligands of each class, CFs-
Bpy and 5-CFs-PBO, offering similar reactivity suggests that the
improved performance of PBOs may be more intricate than the
electronic asymmetry of the PBO ligand scaffold, and further
investigation is needed to conclusively determine the governing
factors that account for the trend in reactivity shown in this study.
Detailed in situ NMR studies have allowed for catalyst speciation to
be observed during reaction monitoring. Mechanistic studies have
revealed valuable information, particularly regarding the reversibility
of pre-rate-determining steps and the effects of isotope labelling
studies. An updated mechanism, supported by existing literature
theoretical studies, has been proposed based on the experimental
evidence reported.
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