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The catalytic anti-Markovnikov addition of carboxylic acids to propargylic alcohols to furnish unsaturated
esters is an appealing transformation due to its mild conditions, good selectivity and high atom economy.
Treatment of the y-hydroxy a,B-unsaturated esters with Brensted acids gives access to enals which serve
as important building blocks for the production of vitamins and aroma compounds from biogenic terpenes.
Unfortunately, current turnover numbers (TON) for this ruthenium-catalysed reaction are too low for
industrial application (<100). Here we present a detailed investigation into the speciation and deactivation
of the most active [(dppe)Ru'(MA),] catalyst in the anti-Markovnikov addition of carboxylic acids to ethynyl-

Received 27th August 2024, B-ionol. Multi-nuclear high resolution FlowNMR spectroscopy gave insight into a range of kinetically

Accepted 17th November 2024 relevant carboxylate complexes, allowed quantifying catalyst deactivation kinetics, and showed a
DOI: 10.1039/d4cy01032a pronounced influence of the carboxylic acid on catalyst stability. Systematic optimisation of reaction
parameters resulted in significant improvements in catalyst productivity to reach TONs of >450 for
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1 Introduction

Vitamin A (a group of retinoids) is an important
micronutrient that can be ingested from animal and plant
sources as well as from fortified supplements.” As an essential
contributor to the maintenance of many biological functions
in the human body,” a deficiency of vitamin A can lead to
blindness as well as child mortality.* As of 2021, the global
vitamin A market reached over $500 million.” Increasing
demands in developing countries compounded with the
rising cost of raw materials mandates the development of
more sustainable and more efficient processes for the
preparation of vitamin A.*”
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ethynyl-B-ionol and >2000 for phenylacetylene.

The first industrially viable synthesis of vitamin A was
developed by Otto Isler®® in 1947 through a modification of
the Arens and Van Dorp syntheses starting from the
biogenic terpene P-ionone (Scheme 1).'®" A Darzens
reaction generates a B-Cys-aldehyde that is reacted with a
Grignard reagent to elongate the carbon chain, after which
catalytic hydrogenation and elimination steps lead to the
vitamin A retinol.® Numerous variations of this synthesis
have been developed in industry since, with the
predominant routes employing the use of a Cy5 + Cs Julia
Olefination (Rhone-Poulenc/Adisseo), a C;5 + Cs Wittig-
Horner reaction (BASF and most Chinese producers) and a
Cis t+ Cg Grignard reaction based on Isler's original
synthesis (DSM; Scheme 1).">'7 The evolution of these
methods and their impact on the field are comprehensively
documented in a recent review article which chronicles the
advancements and challenges in vitamin A production over
the decades.'®

Although the two main routes to vitamin A acetate (DSM
and BASF) have been refined to a high level, there is still
room for improvement through the use of catalytic methods
that improve the economic and environmental sustainability
of the process further.' A promising alternative synthetic
route to retinol utilises ethynyl-B-ionol obtained from the
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Scheme 1 The main industrial approaches to vitamin A acetate used (1.1-1.3) and newly proposed synthetic route to retinol (1.4).

treatment of B-ionone with acetylene/NH; in a single step.*°
With a rearrangement of ethynyl-p-ionol followed by a simple
aldol condensation with acetone and repeated treatment of
acetylene/NH;, a second rearrangement would yield retinal
that may be reduced to retinol (Scheme 1, 1.4).'%
Established and scalable protocols for the acetylide addition,
aldol condensation and reduction steps are readily available,
which renders the efficiency of the two Ru-mediated Meyer-
Schuster (MS)-like transformations in the new proposed route
to vitamin A a key aspect for the economic viability of the
process. Nevertheless, the relatively high cost contribution of
the catalyst means that detailed investigation of the
rearrangement of ethynyl-p-ionol is of high interest, as only
limited TONs of ~90 have been reported so far without any
effective catalyst recycling methods.**

The Bronsted acid-catalysed rearrangement of secondary
and tertiary o-acetylenic propargyl alcohols to a,pB-
unsaturated carbonyls was first reported by Meyer and
Schuster in 1922.>>?° Carbinols were treated with a selection

Ph

Ph.FI)\ ?(

of solid acid catalysts under relatively harsh conditions to
give ketones with 100% atom efficiency.*® Ensuing research
by Rupe et al. demonstrated that tertiary alcohols containing
an a-acetylenic group did not always result in the anticipated
aldehydes, but may yield a,B-unsaturated methyl ketones
through an enyne intermediate (the Rupe rearrangement).’
Nevertheless, the requisite for high temperatures and strong
acids generally curtailed the interest in the Meyer-Schuster
rearrangement (MSR) until the early 1990s. More recent
literature has shown the use of milder reaction conditions
(RT - 50 °C) by employing Lewis acidic transition metal
catalysts®** based on gold, silver, vanadium, rhenium and
3334 Ruthenium, displaying a rich alkyne
chemistry, was soon discovered as one of the most
efficient homogeneous catalysts for the MS-like anti-
Markovnikov addition of carboxylic acids to terminal
alkynes®*® which after an acid-catalysed rearrangement
yield enals as formal MSR products under mild conditions
(Scheme 2).
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Scheme 2 Ru-catalysed isomerising condensation of propargylic alcohols with benzoic acid.
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In particular, Dixneuf showed [{x>-1,2-
bis(diphenylphosphino)ethane}Ru"{n*-CH,C(Me)CH,},]
([(dppe)Ru(MA),]) to be an effective catalyst for the MS-like
transformation of a variety of tertiary alkynols when used
with benzoic acid to give the corresponding benzoate esters
in yields of 51-90% (Scheme 2).*° Mixtures of Z and E
stereoisomers were typically obtained within a range of 3:2
to 8:1 in favour of the Z isomer. A stepwise binding-
isomerisation—-addition-elimination mechanism was
proposed on the basis of stoichiometric test experiments and
in situ NMR spectroscopy, with formal anti-Markovnikov
addition of benzoic acid to the alkynol inducing the
formation of a 3-hydroxy-1-propen-1-yl benzoate intermediate
via a reactive n'-vinylidene ruthenium complex (III,
Scheme 3).2%%

Homogeneous catalysis has shown significant potential
for efficient and sustainable fine chemical production.*®
However, due to the economic importance of separations on
scale,® imperfect selectivity and catalyst deactivation can
pose significant problems for process development.
Mechanistic studies, including kinetic analyses and new
operando reaction monitoring techniques for investigating
transition metal catalysis®®®" as well as biocatalysis® can
allow for deeper insights into these limitations and enable
rational improvement of catalyst performance as opposed to
empirical optimisation approaches.”*™” In particular, online
multinuclear high-resolution FlowNMR spectroscopy has
become a powerful tool for interrogating complex and
dynamic catalytic systems in solution.’®®* Contrary to offline
and in situ approaches,®® this operando technique allows
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Paper

reaction systems to be studied under realistic conditions,**
and allows for straightforward reaction progress kinetic
analysis (RPKA)®> by way of variable time normalisation
(VINA)®® of the concentration profiles. Here we have applied
these methods to better understand the mechanism of the
Ru-mediated transformation of ethynyl-f-ionol in the context
of vitamin A production, leading to the identification of
optimal process conditions that significantly improved the
productivity of the catalytic system.

2 Results and discussion
2.1 Optimisation of reaction conditions

2.1.1 Solvent effects. Starting with literature conditions,*’
the reaction of ethynyl-p-ionol with 1.5 equivalents of benzoic
acid and 1 mol% [(dppe)Ru(MA),] at room temperature in
toluene gave a yield of 69% with a Z selectivity of 84% after
38 hours. Strictly anaerobic conditions were found to improve
the yield to 88% while maintaining the same Z/E selectivity. A
solvent screen showed the reaction to proceed well in a
variety of organic solvents, with only DCM and MeOH giving
yields <50% (Table 1). Acetone and ethyl acetate gave the
highest yields of >90% with less than 2% in situ hydrolysis to
the aldehyde (Fig. S34t). However, some substrate always
remained, and full conversion was never achieved even under
the best conditions.

2.1.2 Influence of the carboxylic acid. As most of the
previous literature has employed benzoic acid*® we explored
the influence of the carboxylic acid component on the
reaction efficiency. Using [(dppe)Ru(MA),] at 1 mol% a few
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Scheme 3 Proposed mechanism for the Ru-mediated anti-Markovnikov addition of carboxylic acids to propargylic alcohols.*”
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Table 1 Conversion of 2a, product yield and stereoselectivity of 3aa, and yield of 4a for the Ru-mediated transformation of ethynyl-B-ionol (2a) (0.667
M) with benzoic acid (1 M) catalysed by [(dppe)Ru(MA),] (1 mol%) at 20 °C after 38 h in a variety of anhydrous solvents (7.5 mL) under an inert
atmosphere. Product yields obtained from quantitative ex situ *H NMR spectroscopy against 1,3,5-trimethoxybenzene (167 mM) as internal standard

ph§ Ph
O
(P\
OH P
A Ph
Ph *
OH% + Ph/& H
1 mol%
2a a
Solvent Conversion of 2a (%) Yield of 3aa (%) Stereoselectivity (Z/E) Yield of 4a (%)
Ethyl acetate 98 96 83:17 1.4
Acetone 95 93 84:16 1.2
Toluene 98 88 84:16 6.6
Benzene 98 86 82:18 6.2
Cyclohexane 92 77 82:18 4.8
Chloroform 96 76 88:12 6.0
Dichloromethane 84 43 90:10 18.0
Methanol 73 42 80:20 13.0
common carboxylic acids (benzoic, pivalic, acetic,  S35t1). While adamantane carboxylic acid was only partially

cyclohexanoic, and adamantane carboxylic acid) of different
steric bulk were trialled at 1.5 equivalents in ethyl acetate to
observe their effect on the catalysis (Table 2). From these
experiments, acetic acid gave the lowest amount of product
with a yield of only 12% after 24 hours. Although cyclohexane
carboxylic acid gave a higher yield than benzoic acid, pivalic
acid and adamantane carboxylic acid showed the highest
yields with Z/E ratios of 88:12 (Table S2t). As the pK, values
of these acids are all within the same order of magnitude, it
appears that sterically bulkier acids lead to higher product
yields in this reaction (Table 2).

Reactions with adamantane carboxylic acid and benzoic
acid showed the formation of ~2% of aldehyde product 4a in
solution from in situ ester hydrolysis, which is generally
undesirable due the instability of the free aldehyde (Fig.

soluble under the reaction conditions employed, the
significantly cheaper pivalic acid gave a homogeneous
reaction mixture and produced a high amount of the desired
adduct (up to 97%) with no formation of aldehyde observed,
increasing the selectivity to >99% and was therefore selected
for further studies.

2.1.3 Ligand effects. Although [(dppe)Ru(MA),] has been
reported to be one of the most effective ruthenium catalysts
for use in the Ru-mediated MS-like transformation at room
temperature,®® we examined the effect of different ligands
and metal precursors on the isomerising carboxylic acid
addition to ethynyl-B-ionol (Chart S17). A combination of
different ruthenium complexes ([(MA),Ru(COD)], [Ru(acac)s],
[Ru(H)CI(PPh;);] and [RuCl,(DMSO),]) were screened with 28

different P-P, P-N, and P ligands. Of all precursors tested,

Table 2 Conversion of 2a, yield and stereoselectivity of the ester-adduct products 3aa-3ae for the Ru-mediated transformation of ethynyl-f3-ionol (0.5
M) with different carboxylic acids (1.5 equiv.) catalysed by [(dppe)Ru(MA),] (1 mol%) under inert atmosphere in anhydrous ethyl acetate (10 mL) after 24 h
at 20 °C. Product yields obtained from quantitative ex situ *H NMR spectroscopy against 1,3,5-trimethoxybenzene (167 mM) as internal standard

Benzoic acid Pivalic acid

Acetic acid

Cyclohexane carboxylic acid 1-Adamantane carboxylic acid

pK, = 4.20 pK, = 4.78 pK, = 4.76 pK, = 4.82 pK, = 4.90
0. OH (0] (0] O OH OH
PN ©
OH OH
c
b
a d
e
Conversion of 2a 86% 97% 27% 96% 100%
Product yield 85% 97% 12% 95% 98%*
ZIE 84:16 88:12 84:16 84:16 88:12

“ Sample mixture not homogeneous for first 2 hours.
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Table 3 Steric and electronic parameters as well as reaction yields for selected chelating diphosphines®”7# used with [(MA),Ru(COD)] at 3 mol% for the
catalytic transformation of ethynyl-p-ionol (0.1 mmol) with pivalic acid (0.15 mmol) to form 3ab in anhydrous ethyl acetate (1.2 mL) at 20 °C. Yields
determined after 19 h from quantitative ex situ *H NMR analysis against 1,3,5-trimethoxybenzene (167 mM) as internal standard

Ligand Bite angle (°)°”7? Cone angle (°)"* W(COpd2)co) (em™)7° Yield of 3ab [%]
||Dh dppe (L1) 85 178 2070.1 95
Ph< F,) ~_P~ Ph
Ph
ipr dmpe (L2) 78 156 2068.8 83
I .
1
ipr~ P~ '.D/ Pr
Pr
Ph MeO (R,R)-Dipamp (L3) 86 N/A N/A 78
If’\/\
P
Ph
OMe
H pp (S,S)-Norphos (L4) 97 N/A 2069.2 57
ﬁzPh
b P\—Ph
Ph
Ph\P/\P’ Ph dppm (L5) 72 168 2072.6 55
I I
Ph Ph
Ph dppb (L6) 98 188 2064.2 33
|
Ph. P
E/\/\/ \Ph
Ph
Cy Cy deypp (L7) 84 191 2061.1 16
RS
Ph Ph dppp (L8) 91 183 2066.2 12
I I
P. P
Ph” """ pp
H PPhy (R,R)-DIOP (L9) 98 196 2066.8 10
O~ pPh,
>< Q] /
© H
Ph\P’Ph Ph\P’Ph DPE-Phos (L10) 102 210 2064.4 7
/ipr D'PIF (L11) 96 N/A 2066.6 4
=R
I 'Pr
IPr\ Fe
D
'Pr

[(MA),Ru(COD)] was the only Ru-complex to show activity
>2% (Table S37), and the results of the ligand screening
indicated that chelating bisphosphines gave the highest
yields. Table 3 lists the most effective ligands together with
their cone angles, bite angles and Tolman electronic

This journal is © The Royal Society of Chemistry 2025

parameter (TEP) values from literature (where available) as
measures of their steric and electronic properties (a graphical
representation can be found in Fig. S36%). Dppe was clearly
the most effective ligand, giving 95% conversion at 3 mol%
ruthenium loading after 19 hours at room temperature in
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ethyl acetate. Moving to smaller bite and cone angles such as
in dmpe decreased the yield to 83% and further to 55% with
dppm. Larger bite and cone angles such as in dipamp, dppp,
dppb and dpe-Phos also decreased the yield, suggesting the
combination of a 85° bite angle and 178° cone angle in dppe
to be a sweet spot for the Ru-mediated MS-like
transformation under the conditions applied.

The purity of [(dppe)Ru(MA),] was investigated following
the observation of a fine, black precipitate in NMR samples
containing carboxylic acids and [(dppe)Ru(MA),] in
anhydrous acetone and ethyl acetate. Initially, the [(dppe)
Ru(MA),] complex was synthesised by refluxing [(COD)
Ru(MA),] with dppe in hexane according to literature.”” After
filtration of an acetone solution of the so-obtained crude
[(dppe)Ru(MA),] through a 0.2 pm PTFE membrane and
recrystallisation by addition of n-hexane, clean batches of
[(dppe)Ru(MA),] were obtained that did not contain any
insoluble material (presumed to be small amounts of
ruthenium black from the RuCl; starting material) and this
additional purification procedure was applied in all following
experiments (for further details see the ESIT 2.1).

2.2 Catalyst productivity and stability

2.2.1 TON limitation. The productivity and robustness of
chemical reactions is critical for their implementation on
industrial scale. Although the Ru-mediated transformation of
ethynyl-B-ionol into the ester-adduct offers conversions of up
to 99%, with a Z configuration preference (>84%) and both
chemo- and regioselectivity exceeding 99% at 1 mol% loading
under optimised conditions (Table 2), turnover numbers for
the Ru catalyst significantly greater than 100 would be
required for economic use in an industrial synthesis of
vitamin A (Scheme 1, 1.4)."® To explore the effectiveness of
the most active precursor [(dppe)Ru(MA),] at lower loadings
(= higher S/C ratios), batch reactions with less catalyst were
run to their maximum conversion under identical conditions
(Fig. 1). An ideal catalyst that does not deactivate would have
an infinite TON that is only limited by the amount of
substrate present.”® In contrast the results obtained for
[(dppe)Ru(MA),] clearly illustrate the presence of either
inhibition or deactivation in the Ru-mediated transformation
of ethynyl-B-ionol. As can be seen from the plot in Fig. 1,
reactions with [Ru] loadings of less than 1 mol% gave
incomplete conversion even after long reaction times (Table
S41), and the maximum TON achievable in a single batch
reaction was ~150.

Investigations into the stability and productivity of this
Ru-catalysed reaction have not been reported in the
literature. Many transition metal catalysts used in similar
contexts, such as [ReOCl;(OPPh;)(SMe,)], [VO(OR)],
[CPRuCI(PMe;),] and  [Ru(n’-2-C5H,Me)(CO)(dppf)] [SbFe],
required catalyst loadings greater than 2 mol%.*" While a
TON of 100 has been reported for the Sc(OTf); catalysed
transformation of ethoxyacetylene,”” the highest reported
TON for the addition of carboxylic acids to terminal propargyl

360 | Catal Sci. Technol., 2025, 15, 355-375
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Fig. 1 Maximum catalyst TONs at varying loadings of [(dppe)Ru(MA),]
for the Ru-mediated transformation of ethynyl-p-ionol (0.66 M) with
pivalic acid (1 M) in anhydrous acetone (15 mL) at 20 °C (theoretical
isoyield curve included to illustrate full conversion). Reactions were
performed to their maximum yield (as indicated in brackets) obtained
by quantitative ex situ H NMR spectroscopy against 1,3,5-
trimethoxybenzene (167 mM) as internal standard after 50 hours.

alcohols using a ruthenium catalyst is 91 (for 2-phenyl-3-
butyn-2-ol with 1 mol% of [(dppe)Ru(MA),] at 50 °C in
toluene).*”

2.2.2 Substrate effects. To investigate the nature of the
observed catalyst deactivation/inhibition, a substrate scope
test was performed with a small selection of alkynols under
our optimised conditions (Table 4). The alkynols selected had
either different steric properties or functional groups to that
of ethynyl-B-ionol in order to test their impact on the
reaction, and specifically, whether the substrates or their
products contributed to catalyst deactivation. Phenylacetylene
(2b) was included to test how a simple alkyne compared to
the other alkynol substrates, and a reaction using ethynyl-B-
ionol spiked with 1% of B-ionone (1) was included to
investigate the effect of a possible impurity on the reaction.

The results showed yields ranging from 78-87% after 18
hours and 93-97% after 40 hours (Table 4 and Fig. S397 for
an example). As the overall yield difference after 40 hours
across all substrates tested was only 4% and Z/E ratios in the
products all fell within a 10% margin, it may be concluded
that neither the functional groups in ethynyl-B-ionol nor the
presence of possible derivatives were contributing
significantly to the observed deactivation of the catalyst
formed from [(dppe)Ru(MA),] under the conditions applied.

2.3 Operando "H FlowNMR analysis

2.3.1 Accuracy and reproducibility. The use of operando
FlowNMR spectroscopy permits deeper investigation into the
apparent catalyst deactivation of the Ru-mediated addition of
carboxylic acids to ethynyl-B-ionol. Full product formation
and substrate consumption concentration profiles can be

This journal is © The Royal Society of Chemistry 2025
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Table 4 Product yields of the Ru-mediated transformation of a range of alkynols and phenylacetylene (0.66 M) with pivalic acid (1 M) catalysed by
[(dppe)Ru(MA),] (1 mol%) in anhydrous acetone (15 mL) at 20 °C. Yields obtained from quantitative ex situ *H NMR analysis against 1,3,5-
trimethoxybenzene (167 mM) as internal standard

OH (P/R“”\;k 9

1 mol%
=
N S S NS S
OH™ OH™ OH
2a 2b 2¢ 2d
18 hours 84% 78% 87% 87%
40 hours 97% 93% 97% 96%
Z/E ratio 88:12 96:4 90:10 92:8
=
N X 9] = = N
OITAN AN OH
2e 2a+1% 1 2f 2g
18 hours 83% 85% 80% 80%
40 hours 97% 96% 95% 94%
Z/E ratio 90:10 90:10 92:8 96:4

obtained from which the reaction kinetics can be derived to
analyse the nature of this deactivation. This can be further
enriched by the ability of FlowNMR to give insight into
reaction intermediates and catalyst resting states.>”>”® Control
experiments were first carried out to establish the consistency
of the reaction between batch and FlowNMR using the
optimised conditions developed (see above and following
figure captions). FlowNMR reactions were performed in a
Schlenk flask under a dry argon atmosphere with magnetic
stirring as in batch. The FlowNMR apparatus was comprised
of PEEK tubing (connected to the reaction flask through a
rubber septum) and was purged with argon and flushed with
dry, non-deuterated solvent prior to the experiment (Fig.
S331). Continuous NMR acquisition was launched on a
steady flow of reaction mixture at a recirculation rate of 4 mL
min~", followed by the addition of a concentrated solution of
[(dppe)Ru(MA),] via an airtight syringe to commence the
reaction. All '"H FlowNMR data acquired (flip angle = 30°,
dummy scans = 0, acquisition time = 1.6 s, relaxation delay =
1 s, number of scans = 16, receiver gain = 4) were processed
with flow correction factors to ensure that the data was fully
quantitative,”® and concentrations were derived relative to
the signal of the internal standard 1,3,5-trimethoxybenzene
at 3.70 ppm (Fig. S321).

Over the course of 40 h, comparing conversion as derived
from the FlowNMR experiment with data from offline
sampling showed near identical values. Both types of
experiments reached close to 97% conversion and exhibited
the same Z/E ratios (88:12) at 1 mol% catalyst with no

This journal is © The Royal Society of Chemistry 2025

formation of 4a observed. FlowNMR reactions were repeated
under the same conditions over the timespan of several
months to determine the consistency of the method, and
the reaction profiles showed a high level of reproducibility

(Fig. 2).
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Fig. 2 Conversion profiles of the Ru-mediated transformation of
ethynyl-B-ionol (0.66 M) with pivalic acid (1.1 equivalents) and pivalic
anhydride (0.2 equivalents) using [(dppe)Ru(MA),] at 1 mol% to form
3ab in anhydrous acetone (15 mL) at 20 °C. Conversion profiles
obtained from quantitative 'H FlowNMR spectroscopy at 4 mL min™
and 'H NMR spectroscopy for the batch time points, both against
trimethoxybenzene (167 mM) as internal standard.
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2.3.2 Effect of moisture and use of carboxylic acid
anhydrides. Previous poisoning studies on the Ru-mediated
transformation of phenylacetylene (Fig. S407),” indicated that
up to 10% water did not have an appreciable effect on the
reaction. However, in the case of ethynyl-B-ionol, we observed
a marked influence of moisture. The addition of 0.5%
degassed water (relative to substrate) to the reaction in
anhydrous acetone led to a 20% decrease in conversion after
18 hours, while maintaining the same Z/E selectivity of 88:12
at 1 mol% catalyst loading (Fig. 3). In ethyl acetate, adding the
same amount of water decreased conversion by up to 30%
compared to anhydrous conditions, in this case with a
diminished product selectivity as evidenced by the appearance
of a multitude of minor 'H NMR signals from unidentified
side products. Nevertheless, the Z/E ratios of 88:12 in 3ab were
unchanged in both cases and the amount of 4a consistently
below 0.3%. Since no significant moisture sensitivity was
observed in the same reaction with phenylacetylene, we ascribe
the detrimental effect of water on the reaction with ethynyl-B-
ionol due to this specific substrate rather than an intrinsic
catalyst sensitivity to water. The fact that ethyl acetate was
found to be even more sensitive to moisture than acetone may
be due to trans-esterification with pivalic acid liberating acetic
acid in situ, which has previously been shown to lead to
decreased catalyst performance (Table 2).

In order to reduce the sensitivity of the Ru-mediated
transformation of ethynyl-B-ionol for application on larger
scale, where rigorous exclusion of moisture may be difficult
(i.e. costly) to implement due to the use of hygroscopic
carboxylic acids, we investigated the effectiveness of using a
mixture of carboxylic acid and their corresponding
anhydride. The use of 0.13 M pivalic anhydride (substituting
0.26 M of the pivalic acid loading) in anhydrous acetone

100
oo Ethyl acetone (0.5% H,0)
90 —eeecee Acetone (0.5% H,0)
Acetone

80 Ethyl acetate
. 70
R
< 60
= ..-""
» 504
) T
c 404
Q

30 et

20 -

104 for”

O T T T T T

0 3 6 9 12 15 18
Time (Hours)

Fig. 3 Conversion profiles of the Ru-mediated transformation of
ethynyl-B-ionol (0.66 M) with pivalic acid (1 M) using [(dppe)Ru(MA),]
at a catalyst loading of 1 mol% in anhydrous acetone or ethyl acetate
(15 mL) with and without the addition of degassed water (33 mM) to
form 3ab at 20 °C. Data from quantitative *H FlowNMR spectroscopy
at 4 mL min™™.
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Fig. 4 Conversion profiles of the Ru-mediated transformation of
ethynyl-B-ionol (0.66 M) catalysed by [(dppe)Ru(MA),] at 1 mol% to
form 3ab in anhydrous acetone (15 mL) at 20 °C from quantitative *H
FlowNMR spectroscopy at 4 mL min™* with pivalic acid (1.1 equiv.) plus
pivalic anhydride (0.2 equiv.) and pivalic acid (1.5 equiv.) only.

showed an 11% increase in conversion after 18 hours
compared to the use of pivalic acid only (Fig. 4). The effect
seemed to be purely kinetic, as despite a 37% faster initial
rate in the presence of anhydride the reaction eventually
converged towards similar yields and maintained the same
stereoselectivity after 45 hours to when using reagent grade
acid alone. Thus, in order to ensure consistency across
different reagent batches and solvents, all following Ru-
mediated transformations of ethynyl-B-ionol used a
combination of 1.1 equivalents of acid plus 0.2 equivalents of
anhydride relative to substrate to eliminate possible
influences of moisture.

2.3.3 Reaction progress kinetic analysis (RPKA). To gain
deeper insight into the mechanism of the catalysis, RPKA by
way of variable time normalisation of the conversion profiles
from 'H FlowNMR experiments at different catalyst, substrate
and carboxylic acid loadings was pursued. Varying the
loading of the [(dppe)Ru(MA),] precursor between 0.1-2
mol% showed a steady variation in rate, but with different
final conversion levels after 35 hours (Fig. 5) consistent with
the limited yields found in batch mode (Fig. 1).

The time-adjusted plot (Fig. 6) showed the initial rates of
the reaction to follow a clean first-order dependence on [Ru],
but progressive deactivation occurred from ~1/3 of the final
conversion at the respective catalyst loading, leading to a
limitation in TON as evidenced by the linear relationship
between [Ru] concentration and TON,,, (Fig. S417).

Varying the amount of pivalic acidf at 1 mol% [Ru]
showed that the product yield was independent of the
amount of pivalic acid added to the system, with all reaction

1 Systematic variation of multiple reaction parameters at once, one of the key
appeals of VINA, is unfortunately not possible in systems with pronounced
inhibition or deactivation.”®
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Fig. 5 Concentration profiles of the product (sum of Z and E 3ab) for
the Ru-mediated transformation of ethynyl-B-ionol (0.66 M) with
pivalic acid (0.73 M) and pivalic anhydride (0.13 M) catalysed by various
amounts of [(dppe)Ru(MA),] in anhydrous acetone (15 mL) at 20 °C
measured by quantitative *H FlowNMR spectroscopy at 4 mL min™™.
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Fig. 6 Time-adjusted product formation profiles (data from Fig. 5) for
a reaction order in [Ru] = 1.

profiles giving a perfect overlay without any time-adjustment
(Fig. S42 and S43f). This zero order of the reaction in the
concentration of acid [A] implies that the carboxylic acid is
not involved in the turnover-limiting step (TLS) of the catalytic
cycle (Scheme 3). Varying the amount of ethynyl-B-ionol [S]
showed the rate of product formation to be first-order in
substrate concentration (Fig. S44 and S457), consistent with
global first-order kinetics of the productive cycle:

~d[s]

AP RS A = RS

Rate g
det det

This empirical rate law is consistent with a catalytic

mechanism where the binding of substrate to an activated

This journal is © The Royal Society of Chemistry 2025
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Ru-carboxylate complex is turnover-limiting (see Section S4.9
in the ESIT for derivation of the rate laws under steady-state
for the irreversible and reversible literature mechanism).

To probe the nature of the observed TON limitation (Fig. 1,
6 and S417), “same excess” experiments were performed with
different concentrations of substrate.’”*>*® Employing a 0.25
mol% catalyst loading, where deactivation/inhibition became
apparent from ~30% conversion with 0.66 M ethynyl-p-ionol,
a mixture of 0.46 M substrate + 0.2 M product (mimicking
30% conversion) was used. Comparison of the time-adjusted
concentration profiles showed that irreversible catalyst
deactivation rather than product inhibition was responsible
for the TON limitation in the Ru-mediated transformation of
ethynyl-B-ionol (Fig. 7). Further confirmation for the absence
of significant product inhibition came from a recycling
experiment with a reaction that had afforded 98% conversion
after 24 hours using 1 mol% [(dppe)Ru(MA),] to which a
second portion of substrate plus one equivalent of acid was
added. After another 24 hours the reaction had reached a total
conversion of 96.5% with a TON of 193, whereas starting with
a catalyst loading of 0.5 mol% a conversion of only 57% was
achieved (TON = 114, see Fig. 1). As further discussed in 2.6
below, these observations suggest substrate and catalyst
concentration to be part of the deactivation term of the rate
law (rather than product concentration).

A similar analysis was carried out with the minimally
functionalised substrate phenylacetylene to investigate how
substrate-dependent the observed catalyst deactivation may
be, as was the case for the moisture sensitivity of the reaction
(Fig. 3). Varying the loading of [(dppe)Ru(MA),] for the slower
reaction with phenylacetylene showed a behaviour similar to
ethynyl-B-ionol as the substrate (Fig. S467), with a good initial
overlay of the time-adjusted reaction progress profiles for

0.6
0.46 M substrate + 0.2 M product

0.66 M substrate

0.5

Product concentration (M)

Time (Hours)

Fig. 7 Concentration profiles of the product (sum of Z and E forms of
3ab) for the Ru-mediated transformation of ethynyl-B-ionol (pure
substrate vs. time-adjusted substrate/product mixture) with pivalic acid
(0.73 M) and pivalic anhydride (0.13 M) catalysed by [(dppe)Ru(MA),]
(0.25 mol%) in anhydrous acetone (15 mL) at 20 °C measured by
quantitative *H FlowNMR spectroscopy at 4 mL min™™.
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Fig. 8 Time-adjusted reaction progress profiles (order in [Ru] of 1.0)
of the Ru-mediated transformation of phenylacetylene (0.66 M) with
pivalic acid (0.73 M) and pivalic anhydride (0.13 M) catalysed by various
amounts of [(dppe)Ru(MA),] in anhydrous acetone (15 mL) to form 3bb
at 20 °C from quantitative *H FlowNMR spectroscopy at 4 mL min™™.

T
0.05 0.20

first-order in [Ru] up until ~40% conversion (Fig. 8).
Although deactivation was not as pronounced as with
ethynyl-B-ionol (Fig. 6) it still noticeable with
phenylacetylene, suggesting a general catalyst deactivation
mechanism in the MSR catalysed by [(dppe)Ru(MA),].

was

2.4 Identification of catalytic intermediates

Quantitative *'P{'"H} FlowNMR spectra were acquired in an
interleaved manner with the '"H FlowNMR acquisitions that

View Article Online
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yielded the reaction progress data discussed above to further
investigate and understand the observed catalyst
deactivation. Being specific to the dppe ligand in the
ruthenium catalyst, operando *'P{'H} FlowNMR data (flip
angle = 90°, dummy scans = 0, acquisition time = 0.4 s,
relaxation delay = 0.5 s, number of scans = 60) processed with
flow correction factors to ensure that the data was
quantitative provides unique insight into the formation of
reaction intermediates during and after turnover, important
mechanistic information not accessible through conventional
ex situ analyses and model reactions.®

2.4.1 Precursor activation. In the initial phase of the Ru-
mediated transformation of ethynyl-B-ionol with benzoic
acid, the *'P{'"H} FlowNMR data showed the precursor
[(dppe)Ru(MA),] to disappear over 30 minutes and gradually
convert into two new species (Fig. 9) while the formation of
iso-butene was detected in the "H FlowNMR data (Fig. S237).
One was a singlet at 89.9 ppm in the *'P{"H} NMR suggesting
a symmetrical species (Ap), whereas the other was a close pair
of doublets at 78.2 ppm and 78.6 ppm with *Jpp of 32.7 Hz,
indicating an unsymmetrical complex (Bp) with two
inequivalent P atoms. Full NMR spectroscopic analysis,
including heteronuclear 2D correlation experiments (see ESIT
section 2.6.7 and Fig. S50 and S587), were consistent with Ay,
to be the symmetrical [(dppe)Ru"(n>-OOCPh),] bis-
carboxylate complex® that is iso-structural and iso-electronic
with the [(dppe)Ru(MA),] precursor as previously suggested
(but not demonstrated) by Dixneuf.*’

*'p{'H} DOSY analysis showed Ay, and B, to be of similar
size in solution based on their identical diffusion coefficients
(both 1.27 x 10° m* s™* compared to 2.09 x 102 m> s for

ph." 7
B Fﬁ( . . OH
u\}k XS.
Ph™
‘ t=0
e |
Ab Bb
l JL t = 5 minutes
t =30 minutes
T T T T T T T T T T T 1
105 100 95 90 85 80 75 70 65 60 55 ppm

Fig. 9 Exemplary *'P{*H} FlowNMR spectra acquired during the Ru-mediated transformation of ethynyl-p-ionol (0.66 M) with benzoic acid (1 M)
catalysed by [(dppe)Ru(MA),] at 1 mol% in 15 mL of anhydrous acetone at 20 °C.
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Fig. 10 31p{*H} variable temperature NMR spectra of a mixture of A,
and By, generated from the addition of benzoic acid (0.2 mmol) to
[(dppe)Ru(MA),] (0.05 mmol) in anhydrous acetone.

[(dppe)Ru(MA),]; Fig. S51f). Variable temperature NMR
experiments on a mixture of A, and B, in the absence of
substrate showed coalescence of the signals of By, to a singlet
above 40 °C and increased peak separation of the two
doublets at lower temperatures (Fig. 10). The sharp singlet of
A,, started to broaden below —5 °C but could not be resolved
at lower temperatures. Whereas at room temperature the
ratio of A, to B, was 1:1 under the conditions applied,
higher temperatures favoured Ay (90:10 at 70 °C) and lower
temperatures yielded more By, (35:65 at —35 °C), suggesting a
dynamic equilibrium between the two complexes in solution.
In acetone at room temperature, the ratio of A, to By
generated from [(dppe)Ru(MA),] was ~1:1 regardless of the
excess of benzoic acid used. Repeating the reaction in
different solvents showed the formation of A, and By, from
[(dppe)Ru(MA),] to proceed equally well in a range of organic
media (except for acetonitrile where [(dppe)Ru(MA),]
remained untouched§), with different populations of A,
versus By, (Table 5). The addition of small amounts of water
to these samples shifted the distribution in favour of By, in
all cases, suggesting the apparent solvent effect to be a
reflection of their residual moisture contents (with less polar
solvents generally being drier; for more details see Table S7
and Fig. S52f). Consistent with this notion, generating A,
and B, from [(dppe)Ru(MA),] in acetone using a benzoic
acid/anhydride mixture saw 10% more A, being formed
compared to using benzoic acid only (Fig. S53 and S547).
Based on these observations, we propose complex By, to be
a water adduct of the symmetrical bis-carboxylate complex Ay
(Scheme 4). This assignment was further corroborated by the

§ Consistently, no activity of [(dppe)Ru(MA),] in the catalytic transformation of
alkynols was observed when using acetonitrile as the solvent.
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Table 5 Relative amounts of A, and B, generated from [(dppe)Ru(MA),]

(0.05 mmol) and benzoic acid and water in different anhydrous solvents
from 3'P{*H} NMR analyses

+20 equiv. of
degassed H,O

+2 equiv. of
benzoic acid

[Ru(MA),(dppe)] Ay (%) By, (%) Ay, (%) By, (%)
Ethyl acetate 30 70 12 88
Acetone 50 50 5 95
Toluene 98 2 2 98
Dichloromethane 91 9 33 66
Acetonitrile 0 0 0 0

identification of a *'P cross peak of By, to a "H NMR singlet at
15.5 ppm, indicative of a strong hydrogen bonding resonance
(Fig. S507).8>%°

Reacting [(dppe)Ru(MA),] with acetic, pivalic, and
adamantane carboxylic acid in acetone also gave full
conversion of the complex within 30 minutes at room
temperature (see Fig. S55 and S56f), but only formed
complexes with NMR signatures consistent with the
symmetrical bis-carboxylate complexes A according to 'H and
3'p{'H} NMR spectroscopy, with integration indicating a 1:2
dppe to carboxylate ratio (Fig. S57 and S58f). Without the
addition of substrate, A were found to be stable in solution
for at least 2 weeks at room temperature, except for when
acetic acid was used where A, decomposed within a few
hours. The addition of water to these samples resulted in the
formation of the corresponding B complexes observed in the
form of broad *'P{'"H} NMR signals around 75-79 ppm,
depending on the carboxylic acid used (Fig. S597). Single
crystals obtained from solutions of A, and A,q (using pivalic
and adamantane carboxylic acid, respectively) showed the
corresponding carboxylic acid adducts of A [(dppe)Ru"(n*
OOCR)(n'-O0OCR)(RCOOH)] (A) (Fig. 11). When redissolving
single crystals of A’ in acetone, they quantitatively reformed
complexes with NMR signatures consistent with symmetrical
bis-carboxylate complexes A (Fig. S10-S14f), showing the
coordination of the third carboxylic acid to be reversible and
entropically disfavoured in solution at room temperature.

These A’ structures, which have not yet been reported in
the literature, resemble the unsymmetrical water adduct
complexes B observed in solution (Scheme 5), with an
additional carboxylic acid bound to the ruthenium centre
instead of a water molecule (Fig. 11). Both structures of A’
were slightly distorted octahedral —18-electron Ru"
complexes with no unusual structural features®® apart
from the observation that the Ru-O distances trans to
phosphorus were longer (2.17-2.20 A) than those trans to
oxygen (2.10 A; see Table S81). The slight deviations in the
P-Ru-P angles of Aj (84.8°) and Ajq (85.3°) compared to
[(dppe)Ru(MA),] (85.7°) were likely induced by the steric
demand of the pivalate and adamantane groups. In the
crystal structure of A}, hydrogen-bonding was observed
between the proton on O4 and the pendant carboxylate
oxygen 06 (bond lengths can be found in Table S8t), likely

Catal. Sci. Technol., 2025, 15, 355-375 | 365
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Fig. 11 X-ray crystal structures of complexes A, [(dppe)Ru'"(n-00CC

‘Bu)(n*-OOCC'BU)(‘BUCCOOH)] and Alq [(dppe)Ru'(n?-OOCC(CH,)g(CH)3)

(n-OOCC(CH,)6(CH)3)((CH,)6(CH)3CCOOH)] with selected atoms labelled. Thermal ellipsoids shown at 50% probability level, hydrogen atoms and
solvent molecules omitted for clarity (for full details see section 3.0 of the ESI¥).
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Scheme 5 Interconversion of carboxylate complexes observed to form from [(dppe)Ru(MA),] and carboxylic acids in solution and the solid state.

stabilising the association of the third carboxylic acid that
was not bound to the metal centre in solution. Although
this hydrogen atom could not be refined in the XRD
structure of Ajq it likely is present in the same manner
(and required for charge balance in a neutral Ru"
complex). To the best of our knowledge, A, and Ajq
represent the first examples of a mononuclear transition
metal complex featuring the same carboxylic acid in three
different binding modes.

366 | Catal Sci. Technol., 2025, 15, 355-375

When solutions containing A.q, Ap and A, were
crystallised in the presence of moisture, dimeric forms of the
corresponding bis-carboxylate complexes were obtained that
featured two bridging carboxylates and an aqua ligand
bridging across the two Ru centres, denoted B’ (Fig. 12).

All three structures of B’ were slightly distorted octahedral
18-electron Ru" complexes where each metal featured two k>
carboxylates and one n' carboxylate in addition to a chelating
dppe ligand (see also Table $81).5%” All three dimers were

This journal is © The Royal Society of Chemistry 2025
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bridged by a water molecule as the sixth ligand to each metal
as shown for B} in Fig. 12, although for Bjq and Bj the
corresponding water protons could not be located in the XRD
refinement (but as with Ajq are likely present for reasons of
charge balance). No major deviations in the Ru-O-Ru angles
were observed (119.5-122.9°), and these values are concurrent
with related water-bridged Ru™ dimers.®®*® Furthermore,
inter-ligand hydrogen bonding between the bridging water
molecule and pendant carboxylates was observed akin to the
solid-state structures of A’ and the solution structures of B
(see above). As with the corresponding A’ crystals, redissolving
crystals of B’ gave solution phase NMR spectra of their
symmetrical, mono-nuclear bis-carboxylate complexes A in all
cases (Fig. S15-S21t). These various carboxylate complexes
observed to form from [(dppe)Ru(MA),] thus all relate to the
symmetrical species A as an entry point to the catalytic cycle
of the Ru-mediated MS-like transformation (Scheme 5).

2.5 Operando *"P{'"H} FlowNMR analysis

Monitoring the Ru-mediated transformation of ethynyl-f-
ionol with the pivalic acid/anhydride mixture catalysed by 1
mol% [(dppe)Ru(MA),] by *'P{"H} FlowNMR spectroscopy saw
the precursor transform quantitatively into A, over the first
30 minutes (Fig. S601), with no other significant *'P{'H}
signals detected under the conditions applied. As the
reaction progressed over the following 44 hours, the
concentration of A, steadily fell to zero with three new peaks
building up instead: a sharp singlet at 32.8 ppm which was
confirmed to be the bis-oxide of dppe (Fig. S617), a broad
resonance centred around 63 ppm (FWHM = 540 kHz,
denoted Xj) (Fig. 13) and a transient singlet (X,-transient) at
79.1 ppm. At the end of the reaction when A, had completely
vanished from the spectra Xll, held ca. 65% of the initial Ru
concentration alongside about 20% dppe-oxide (Fig. S607).
Qualitatively, a similar behaviour of the consumption of A
and formation of deactivation species was observed when the
reaction was carried out in different solvents, at different
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Fig. 13 3P{*H} NMR concentration profile of the major quantifiable
reaction species observed throughout the Ru-mediated transformation
of ethynyl-B-ionol with pivalic acid (0.73 M) and pivalic anhydride (0.13
M) catalysed by 1 mol% [(dppe)Ru(MA),] (0.66 mM) in anhydrous
acetone (15 mL) at 20 °C from quantitative *'P{*H} FlowNMR
spectroscopy at 4 mL min™%.

catalyst loadings, when omitting the anhydride, or with
phenylacetylene as the substrate (Fig. S62f). With other
carboxylic acids, similar trends were also observed, with X! as
the dominant species at the end of the reaction. The *'P NMR
chemical shifts of the deactivation species were slightly
different, for instance, with adamantane carboxylic acid X214 was
observed around 72 ppm, while a more distinct deactivation
species X2q was found at 53.3 ppm (Fig. S63t). Irrespective of
the reaction conditions, the trends in the operando *'P{'H}
FlowNMR spectra were always the same: the [(dppe)Ru(MA),]
precursor quickly activated to complex A (with no detectable
amounts of B under anhydrous turnover conditions) which then
steadily decayed over the course of the reaction, with about
20% of dppe-oxide forming and most of the remainder of the
Ru/P material ending up in the deactivation species X" and X”.

Fig. 12 X-ray crystal structures of complexes for By [{(dppe)Ru"(n*-OOCC'Bu)},(u-OOCCBu),(u-OH,)], Bsg [{(dppe)Ru"(n*-OOCC(CH,)(CH)3)}a(u-
OOCC(CH,)6(CH)3)2(u-0)], and By, [((dppe)Ru"(n1—OOCCPh)}z(p—(OOCCPh))Z(p—O)] with selected atoms labelled. Thermal ellipsoids shown at 50%
probability level, hydrogen atoms and solvent molecules omitted for clarity (full details see in section 3.0 in the ESI¥).
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While initial tests showed [(dppe)Ru(MA),] not to be
particularly air-sensitive, solutions of A were found to be
susceptible to oxidation when exposed to air (Fig. S6471). Given
that air-free conditions were employed in our experiments,
the consistent detection of small amounts of dppe-oxide
suggests its formation to be either due to trace amounts of
residual O, or oxygen exchange reactions involving either the
solvent or, more likely, the carboxylic acids used in the
reaction. Although we have not been able to find similar
precedence for ruthenium, palladium(un) complexes are well
known to oxygenate phosphines with carboxylates.®**"
Adding dppe-oxide to a reaction with [(dppe)Ru(MA),] from
the start showed no change to the initial rate of the catalysis
or the overall product yield (Fig. S657). When dppe was added
to a reaction with [(dppe)Ru(MA),] from the start no product
formation was observed at all, instead leading to the
formation of a new, catalytically inactive species with two
mutually coupling triplets at 57.2 and 54.0 ppm (*Jpp = 18.2
Hz) in the *'P{'"H} NMR spectra (Fig. S661) indicative of the
formation of cationic [Ru"(n*OOCR)(dppe),]" complexes.®”
This observation likely stems from the strongly coordinating
nature of dppe which preferentially binds to the ruthenium
centre blocking substrate coordination.

In an attempt to isolate and characterise some Ru-
containing deactivation species from the catalysis, a post-
reaction mixture predominantly showing Xg at 53.3 ppm in
the *'P{'"H} NMR spectrum (Fig. $251) was concentrated and
layered with hexane resulting in crystallisation of a mono-
carbonyl aqua complex (Xg-H,O, Fig. 14 left).

Independent synthesis of X was attempted by bubbling
carbon monoxide through an acetone solution of a mixture
of A, and B, at room temperature. Once the colour of the
solution had changed from yellow to colourless over the
course of 18 hours, *'P{'H} NMR spectroscopic analysis
showed exclusive formation of the singlet at 53.3 ppm

Xzb' Hzo
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observed in the post-catalytic reaction mixtures (for full
characterisation see Fig. S26-S297). However, the NMR data
was inconsistent with the solid-state structure of Xg-H,O,
where two inequivalent *'P resonances would be expected.
Therefore, crystals were grown from the synthesised sample
which revealed a symmetrical bis-carbonyl structure
(Fig. 14 right) consistent with the single *'P resonance
observed in solution. The solution structure of [(dppe)Ru(n’-
OOCPh),(CO),] was further confirmed by the use of *CO
(Fig. S67 and S68t) with coupling simulations (Fig. S69 and
S70t) as well as IR spectroscopy showing two characteristic
carbonyl bands at 2043 and 1996 cm™" (Fig. S301).”> These
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Fig. 15 Product yield profile (sum of Z and E forms of 3ab) versus the
amount of complex A during the Ru-mediated transformation of
ethynyl-B-ionol (0.66 M) with pivalic acid (0.73 M) and pivalic
anhydride (0.13 M), catalysed by [(dppe)Ru(MA),] at 0.5 mol% in
anhydrous acetone (15 mL) at 20 °C from quantitative *H and *P{"H}
FlowNMR spectroscopy at 4 mL min™*. Gap between 18-21 hours due
to acquiring quantitative calibration spectra.

X%

Fig. 14 X-ray crystal structures of [(dppe)Ru'(n?-OOCPh),(CO)(H,0)] and [(dppe)Ru'"(n*-OOCPh),(CO),] with selected atoms labelled. Thermal
ellipsoids shown at 50% probability level, hydrogen atoms and solvent molecules omitted for clarity (full details see Table S97).
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Fig. 16

data unambiguously assigned the bis-carbonyl complex to
the *'P{'H} singlet of X} at 53.3 ppm in acetone, and the
mono-carbonyl aqua complex Xz-H,O isolated from a post-
reaction mixture must thus have been a minor side product
present below the NMR detection limit. When tested for
catalytic activity, Xp gave no product formation in the Ru-
mediated transformation of ethynyl-B-ionol with benzoic acid
(0.5 mol%) in acetone at room temperature after one week
(Fig. S71 and S72%). Thus, the formation of such Ru"
carbonyl complexes, possibly arising from small amounts of
aldehydes generated in situ (Fig. S737), contributes to catalyst
deactivation in this Ru-mediated transformation. The
formation of [(PPh;);Ru(H)(Cl)(CO)] from [(PPh;);RuCl,]
refluxed in methanol with formaldehyde is known,”® and
carbonyl complexes are often formed during alcohol
dehydrogenation reactions.”>%¢
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Decay profiles of A, during the experiments shown in Fig. 5 (left) and time-adjusted data for a decay order in [Aj] = 0.5 (right).

2.6 Mechanistic relevance of [(dppe)Ru"(1>-O0CR),] (A)

When the steady decrease of A observed in the *'P{'H}
FlowNMR data was compared to the reaction progress from
the 'H FlowNMR data it became clear that the end of
catalytic activity coincided with the complete decay of A
(Fig. 15 and S747). At the beginning of the reaction product
formation began immediately as soon as any amount of A
had formed from the [(dppe)Ru(MA),] precursor, suggesting
A to be either an in-cycle intermediate or an on-cycle
reservoir of catalytically active material.

Correlating the rates of decay of A with their initial
concentrations from experiments at different catalyst
loadings (Fig. 5 and S751) showed their decline during the
catalysis in steady-state to be ruthenium-dependent (Fig. 16).
Applying VINA to the normalised data revealed catalyst

s
E
o
<
—
)
c
ie]
Q 3+
€
>
2
5 21
(@]
14 Ethynyl-B—lonol 5mmol
Ethynyl-B—lonol 10 mmol
Ethynyl-B—lonol 15 mmol
0 T T T T T T T
0 2 4 6 8 10 12 14 16

t[Et]'

Fig. 17 Left: concentration profiles of A, during the Ru-mediated transformation of ethynyl-p-ionol at different loadings (0.33 M, 0.66 M, 1 M)
with pivalic acid (0.73 M) and pivalic anhydride (0.13 M) catalysed by [(dppe)Ru(MA),] (6.6 6mM) in anhydrous acetone (15 mL) at 20 °C from
quantitative **P{*H} FlowNMR spectroscopy at 4 mL min™™. Right: Time-adjusted decay profiles for a reaction order of [S] = 1.
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Fig. 18 VTNA plot for the Ru-mediated transformation of ethynyl-f3-
ionol (0.66 M) with pivalic acid (0.73 M) and pivalic anhydride (0.13 M)
catalysed by various amounts of [(dppe)Ru(MA),] in anhydrous acetone
(15 mL) to form 3ab, adjusted for experimentally observed catalyst
deactivation (Fig. 6).

deactivation (as the rate of [A] decaying) to be half order in
[A] (Fig. 16 and S767).

Given that all evidence suggests A to be monomeric in
solution, the half order in its rate of decay implies a
mechanism that involves its rapid, reversible fragmentation
into two components, such as liberation of a carboxylate or
de-coordination of the dppe ligand in small amounts.
Correlating the decline of A with the concentration of
ethynyl-B-ionol by VINA showed a first-order dependence in
the concentration of substrate (Fig. 17 and S77t) as also
indicated by the same excess experiments (Fig. 7). Correlating
the decline of A with the concentration of carboxylic acid
showed a 0th dependence in concentration of carboxylic acid
(Fig. S78 and S797).

The global kinetics of the reaction including catalyst
deactivation thus are:

Rate = keo[S]" — kq[S]"

with ke = [A]", kq = [A]°°

where [Alinitial = [RUinicial

Accounting for the observed catalyst deactivation by
normalising the reaction progress data (from "H FlowNMR
data) for active material (from *'P{'H} FlowNMR data)
yielded VINA curves with excellent overlay throughout the
entire profiles (Fig. 18, compared to Fig. 6). This analysis

9§ The slight deviation of the 2 mol% data towards the end of the reaction is
caused by a non-zero amount of A left at full conversion (i.e. incomplete catalyst
deactivation).
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showed the k4 identified to quantitatively account for the
deactivation causing the observed TON limitation (Fig. 1)
and revealed A to be an in-cycle intermediate which is part
of the turnover-limiting step, as the rate of the catalysis
directly depends on [A].

To analyse whether the nature of the substrate had an
influence on k4 as it had on k.. (see above) we correlated
both rates for the two substrates ethynyl-B-ionol and
phenylacetylene (Fig. 19). The fact that each were linear
with identical slopes but distinct intercepts suggested the
same mechanism to be operational for the two
substrates,””*® with more pronounced deactivation in the
case of ethynyl-B-ionol that was not simply due to faster
turnover.

Comparing the stability of A across different carboxylic
acids under otherwise identical conditions, it was observed
that a more sterically demanding acid resulted in slower
decays of A during the catalysis (Fig. 20). The influence was
significant, with adamantane carboxylic acid slowing the rate
of catalyst deactivation by a factor of 15 compared to acetic
acid, but without reducing the rate of product formation.

With A being involved in the productive cycle that is first
order in substrate but zero order in acid, the binding of
substrate to A can be identified as the TLS (Scheme 6). This
must coincide with either the dissociation of a carboxylate,
leading to a cationic ruthenium species, or the
rearrangement of a carboxylate from 1> to n' coordination,
maintaining a neutral complex. Given large excess of acid
present in solution we consider the neutral pathway more
likely. The resulting alkyne complex II then quickly
rearranges the bound alkynol and couples it with one of the
n' carboxylates (presumably via a vinylidene intermediate

-y
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Fig. 19 Initial rates of product formation from 'H FlowNMR data
plotted against initial rates of catalyst deactivation from >P{*H}
FlowNMR data for the Ru-mediated transformation of phenylacetylene
and ethynyl-B-ionol. Reactions were carried out with pivalic acid (0.73
M) and pivalic anhydride (0.13 M) catalysed by 1 mol% [(dppe)Ru(MA),]
using a substrate concentration of 0.66 M in anhydrous acetone (15
mL) at 20 °C.
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Fig. 20 Rate decay of A obtained from *'P{*H} FlowNMR data of the
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anhydrous acetone (15 mL) at room temperature.
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m)***7% to eliminate the product after association of
another carboxylic acid to IV to reform I (i.e. A).
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Based on the kinetic data obtained, A appears to be the
bifurcation point that also leads into catalyst deactivation by
substrate-induced  carboxylate loss which generates
coordinatively unsaturated species that engage in irreversible
and unproductive side reactions that ultimately lead to
inactive carbonyl complexes and dppe-oxide. This
mechanistic picture aligns with the observed influences of
the substrate and the acid on deactivation, where more
strongly binding substrates lead to faster turnover but also
more pronounced deactivation, and sterically more
demanding acids decrease deactivation by protecting
temporarily formed low-coordination species without slowing
down turnover.

2.7 Maximising catalyst productivity

With ligand and substrate effects tuned to a reasonable level,
we investigated whether higher reaction temperatures may
allow for increased TONs by outpacing catalyst deactivation.
Reaction progress and catalyst deactivation profiles were
compared at 20, 40 and 60 °C using 0.5 mol% catalyst under
optimised reaction conditions (Fig. 21). Increased reaction
temperatures brought forth higher rates of product formation
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Scheme 6 Proposed catalytic cycle with reversible substrate binding to intermediate | (= complex A) identified as the turnover-limiting step (TLS)

consistent with the experimentally observed reaction kinetics from multi-nuclear FlowNMR spectroscopy.
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Fig. 21 Product formation from 'H FlowNMR data overlayed with
decay of A, from 3'P{'H} FlowNMR data of the Ru-mediated
transformation of ethynyl-p-ionol (0.66 M) with pivalic acid (0.73 M)

and pivalic anhydride (0.13 M) catalysed by 0.5 mol% [(dppe)Ru(MA),]
in anhydrous acetone (15 mL) at different temperatures.

but sped up catalyst deactivation even more to yield lower
TONs at higher temperatures, again suggesting a dissociative
process being responsible for catalyst deactivation.

Given the unfavourable temperature-dependency of the
reaction we tried adjusting concentrations to maximise
productivity. Based on the kinetics a combination of relatively
high catalyst concentration, high substrate concentration,
bulky carboxylic acids and low reaction temperature should
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provide the highest TON for the Ru-mediated transformation
of ethynyl-B-ionol. This was explored in a series of reactions
for pivalic (Table 6) and adamantane carboxylic acid (Table 7)
due to the former being significantly cheaper and more
soluble than the latter.

Doubling the substrate concentration at unchanged
catalyst concentration indeed increased the TON by a factor
of 2 (entries 1 and 2). This is 1.5 times greater than what was
observed when the substrate concentration was maintained
and the catalyst concentration halved (entry 3), consistent
with the finding that k., is first order in [Ru] and k4 is half
order in [Ru]. Increasing the substrate concentration further
resulted in even larger TONs of 280 (entries 4-6), albeit at
lower conversion levels. Increasing the reaction temperature
by 20 °C (entries 5 and 7) halved conversion and TON due to
the pronounced influence of temperature on catalyst
deactivation but lowering it by 20 °C only increased
productivity slightly (entries 5 and 8). Nevertheless, these
mechanism-guided modifications provided a more than
three-fold improved catalyst productivity in the Ru-mediated
transformation of ethynyl-f-ionol over literature procedures
(entries 1 and 8).

Using the bulkier adamantane carboxylic acid instead of
pivalic acid (Table 7), the catalyst reached TONs of almost
300 at full conversion simply by increasing the substrate
concentration up to 2 M (entries 1-3) as expected from the
observed influence of acid (Fig. 20). Increasing the substrate
concentration further to 5.23 M resulted in a TON of 462
(entry 6), with lower conversion and noticeably more side

Table 6 Ru-mediated transformation of ethynyl-B-ionol with pivalic acid catalysed by [(dppe)Ru(MA),] in anhydrous acetone under inert atmosphere
(yields after 45 hours as obtained from quantitative ex situ *H NMR spectroscopy against 1,3,5-trimethoxybenzene as internal standard)

Entry Substrate (M) Catalyst (mM) Catalyst loading (%) Acid (M) Temperature (°C) Yield of 3ab (%) TON
1 0.67 6.7 1 1.0 20 96 96
2 1.33 6.7 0.5 1.8 20 95 190
3 0.67 3.3 0.5 1.0 20 62 124
4 2.66 6.7 0.25 3.6 20 61 244
5 5.23 6.7 0.125 5.7 20 34 272
6 10.4 6.7 0.0625 11 20 18 280
7 5.23 6.7 0.125 5.23 40 17 136
8 5.23 6.7 0.125 5.23 0 38 300

Table 7 Ru-mediated transformation of ethynyl-p-ionol with adamantane carboxylic acid catalysed by [([dppe)Ru(MA),] in anhydrous acetone under
inert atmosphere (yields after 45 hours as obtained from quantitative ex situ *H NMR spectroscopy against 1,3,5-trimethoxybenzene as internal standard)

Entry Substrate (M) Catalyst (mM) Catalyst loading (%) Acid (M) Temperature (°C) Yield of 3ae (%) TON
1 0.667 6.67 1 1 20 99 99
2 1.333 6.67 0.5 1.8 20 99 198
3 2 6.67 0.375 2.5 20 99 297
4 1.333 6.67 0.1 1.8 20 25 250
5 2.666 3.34 0.25 3.6 20 71 284
6 5.23 6.67 0.125 5.7 20 58 462
7 5.23 3.34 0.0625 11 20 24 384
8 5.23 6.67 0.125 5.23 40 42 336
9 5.23 3.34 0.0625 5.5 40 13 214
10 5.23 3.34 0.125 5.5 0 15 245
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products observed in the "H NMR spectra (Fig. S837). This
was at least partially due to the system exceeding the
solubility limit of adamantane carboxylic acid (~2.5 M in dry
acetone at room temperature) leading to a heterogeneous
reaction mixture. Reducing the catalyst concentration at
these high substrate and acid loadings provided slightly
higher TONs (entry 7), again with lower conversions and side
products due to over-saturation. Increasing the reaction
temperature by 20 °C (which also increases the solubility of
the acid) gave lower conversions and TONs (entries 8 and 9)
due to accelerated catalyst deactivation as previously seen
with pivalic acid. Lowering the reaction temperature by 20 °C
(entry 10) provided worse performance as well, presumably
due to even lower acid solubility.

Applying the best conditions identified to the minimally
functionalised substrate phenylacetylene (where catalyst
deactivation was observed to be slower) gave rise to TONs of
>2000 (Table S107t), representing a 20-fold increase in catalyst
productivity compared to literature. Based on the mechanistic
insights derived from this study further improvements are
likely possible with more extensive reaction engineering.

3 Conclusions

Our investigation of the ruthenium-mediated anti-
Markovnikov addition of carboxylic acids to ethynyl-p-ionol
using the so-far best catalyst [(dppe)Ru(MA),] has unveiled
mechanistic insights and optimisation strategies for
enhancing catalyst productivity for industrial applications
relevant to vitamin A synthesis. The use of high-resolution
operando FlowNMR spectroscopy was instrumental in
discerning the kinetic relevance of key reaction
intermediates, some of which could be synthesised
independently and analysed by single crystal XRD. A key
finding is the identification of [(dppe)Ru”(n*-RCO0),]
complexes (A) as crucial intermediates in the catalysis. These
complexes coordinate the substrate as the turnover-limiting
step of the cycle, and all subsequent steps leading to product
formation must be rapid as no other reaction intermediates
could be resolved by *'P{"H} Flow NMR spectroscopy at 500
MHz. Pronounced catalyst deactivation characterised by a
half-order decay of A suggested a dissociative mechanism
involving ligand loss that ultimately leads to inactive carbonyl
complexes and phosphine oxide. The kinetics of the
productive cycle show that higher substrate concentrations,
the use of sterically demanding carboxylic acids (such as
pivalic and adamantane carboxylic acid), and lower reaction
temperatures improve catalytic turnover numbers (TONSs).
Optimisation of these parameters led to a significant increase
in catalyst productivity, achieving TONs of 462 with ethynyl-
B-ionol and >2000 with phenylacetylene. The insights
obtained from this study likely extend to other substrates
and related catalysts to enhance the utility of this atom-
economic reaction in sustainable, large-scale production of
not only vitamin A but also other fine chemicals for health
care applications.

This journal is © The Royal Society of Chemistry 2025
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