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Abstract: Detailed mechanistic investigations on our previ-
ously reported synthesis of branched allylic esters by the
rhodium complex-catalyzed propargylic C—H activation have
been carried out. Based on initial mechanistic studies, we
present herein more detailed investigations of the reaction
mechanism. For this, various analytical (NMR, X-ray crystal

~

structure analysis, Raman) and kinetic methods were used to
characterize the formation of intermediates under the reac-
tion conditions. The knowledge obtained by this was used to
further optimize the previous conditions and generate a more
active catalytic system.

Introduction

The synthesis of allylic products from easily available starting
materials is an important research topic in modern organic
synthesis.™ The allylic moiety enables further functionalizations
such as cyclopropanation, epoxidation or hydroboration,
among others."™ Besides, the generation of prochiral branched
allylic products is a valuable tool in asymmetric synthesis.!”
Significant progress in this research field was achieved by
transition metal catalysis, especially by allylic substitution® and
allylic C—H oxidation.”! However, these methods have intrinsic
disadvantages, such as the presence of a leaving group in the
substrate or the use of stoichiometric amounts of oxidant. For
the synthesis of linear allylic products some more atom
economic methods mostly based on palladium catalysis were
first published by Trost and Yamamoto.” In a seminal work,
Breit et al. reported the first example of the branched selective
synthesis of allylic esters by addition of carboxylic acids to
terminal alkynes applying rhodium catalysis (Scheme 1).”' This
rhodium complex catalyzed propargylic C—H activation is

[a]l Dr.S. Méller, N. Jannsen, Dr. J. Riiger, Dr. H.-J. Drexler, M. Horstmann,
Prof. Dr. D. Heller
Leibniz-Institut fiir Katalyse e.V.
Albert-Einstein-Str. 29a, 18059 Rostock (Germany)
E-mail: detlef.heller@catalysis.de

[b] Dr. F. Bauer, Prof. Dr. B. Breit
Institut fiir Organische Chemie
Albert-Ludwigs-Universitdt Freiburg
Albertstr. 21, 79104 Freiburg (Germany)
E-mail: bernhard.breit@chemie.uni-freiburg.de

B Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202102219
© © 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Chem. Eur. J. 2021, 27, 14034 -14041 Wiley Online Library

in situ precatalyst generation ? 3‘
0 y b A
o 2.5 mol% [Rh((,CQD)(y,—CI)J,E o070 070
1 mel% ligand L
Ry "OH Ry % Ry 7 &
branched allylic Markovnikov
ester 1 ester 2

Scheme 1. Rhodium complex-catalyzed formation of allylic esters.

superior to competing methods due to its intrinsic redox
neutrality and atom economy.” This reaction is characterized
by high yields and excellent regio- (up to >98:2 branched to
Markovnikov ester) and enantio- (up to 93% ee) selectivities.”®
Beyond carboxylic acids,”*” the potential of this reaction could
also be applied to sulfonylhydrazines, pyrazoles and ketones.”®
Apart from this, the variation of the alkyne enables a
considerable increase in the range of products.”’ First evidences
of the complexity of this reaction were published by the groups
of Breit and Heller.5%7'%

Preliminary directional studies on the reaction kinetics of
this rhodium complex catalyzed propargylic C—H activation
were performed by in situ IR spectroscopy.'® Using the initial
rate method, the reaction was found to show zero-order
dependence in substrates and first-order behavior in catalyst.
Both product formation and substrate consumption can there-
fore be expected to be constant over time. However, this does
not correspond to the in situ IR measurements, since a decrease
in reaction rate was detected with increasing conversion."*
These obvious contradictions could not be explained so far and
are part of more detailed mechanistic and kinetic investigations
in the context of the present work. In addition to extensive
NMR studies on isolated elementary steps of the published
catalytic cycle,"® isolable intermediates were characterized by
X-ray crystal structure analysis. The combination of these
findings provides the basis for further optimizations of the
catalytic propargylic C—H activation and should allow to extend
applications of this reaction.
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Results and Discussion

In the context of the present work, insitu operando NMR
investigations of rhodium complex catalyzed propargylic C—H
activation were performed for the first time. When monitoring
the reaction of benzoic acid and 1-octyne as model compounds
at T=70°C using the in situ system [Rh(COD)(u,-Cl)],/DPEPhos
as the catalyst by multinuclear NMR spectroscopy for t=
870 min (14.5 h) complex 'HNMR spectra are obtained (Fig-
ure S1). It is remarkable that in addition to the esters described
so far (branched allylic ester 1 and Markovnikov ester 2),
another product is obviously formed, which most likely
possesses vinylic C—H atoms according to its NMR signals (ddq,
0=4.94 ppm; ddq, d=5.07 ppm). It is known from the literature
that rhodium and other transition metal complexes catalyze the
isomerization of alkynes"" and allenes"? into the corresponding
dienes. A reference measurement confirms the hypothesis that
the light gray marked signals in the range of 5.11-4.91 ppm are
caused by 1,3-octadiene 3, which is generated due to alkyne or
allene isomerization during the catalytic cycle (for NMR data
see Supporting Information Figure S2). In a test experiment
using 1,3-octadiene as substrate under similar conditions
(2.5 mol% catalyst, 70°C, 16 h see Supporting Information
Figure S3) no conversion was detected. Due to this we assume
the generation of 3 by isomerization to be irreversible.

A plot of the corresponding concentrations of the substrates
and products as a function of time gives the concentration-time
diagram shown in Figure 1. The generated 1,3-octadiene 3 is
formed in approximately the same concentration as the
Markovnikov ester 2.

Evidently, no linear dependency for substrate decrease or
product increase can be observed, as it would be expected
from the previous kinetic investigations (zero order depend-
ence) using insitu IR measurements."™ However, if the
concentration of the active catalyst decreases during the
reaction, for example due to the formation of a catalytically
inactive rhodium complex, the decrease in the rate of product
formation in the reaction progress, as shown in Figure 1, can be
easily explained. As the formation of the corresponding catalyst
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Figure 1. Concentrations of substrates and products obtained from 'H NMR
spectra (Figure S1) as a function of time.
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species was also followed by 3P NMR spectroscopy, the
evaluation of these data should provide an explanation (Fig-
ure S4). Despite the large number of signals, clear trends can be
observed. For example, during the reaction a broad doublet of
an unknown species disappears at 16.2 ppm and another
doublet at 26.3 ppm grows in intensity. The signals of the o-
allyl complex (4 in blue), which corresponds to the “resting
state”™ complex as active catalyst,"® can be clearly assigned.
When crystals of the o-allyl complex are dissolved in 1,2-
dichloroethane (Figure S5), signals of another species appear in
the *'P NMR spectrum (dd, 6=34.9 ppm; dd, 6=30.6 ppm).
These can be assigned to a z-allyl complex (5 in yellow) in
equilibrium with the o-allyl complex 4."° The *'P NMR spectra
confirm that no phosphorus-containing rhodium complex
remains constant over the reaction time, which supports the
above-made assumption of a non-constant catalyst concentra-
tion (Figure 2). Furthermore, a very prominent set of signals
(Figure S4, marked in red, dd, d =35.6 ppm; dd,  =32.8 ppm) is
present almost quantitatively at the end of the reaction. If the
integrals of the individual signal sets are related to each other,
time-dependent data proportional to the concentration of the
rhodium species can be visualized.

At the beginning of the reaction approx. 60% of the o-allyl
complex 4 (“resting state” complex, blue) and 20% of the s-allyl
complex 5 (active catalyst, yellow) are present. The time
dependence of the complex 6 (marked red), which is present
almost quantitatively at the end of the reaction, possibly
indicates the formation of a catalytically inactive species.

Numerical rank matrix analyses are often used to determine
the number of linearly independent partial reactions. However,
this problem can also be solved graphically, using so-called
concentration diagrams."™ This not only determines the number
of linearly independent partial reactions, but also provides
information about the stoichiometric coefficients of the
reaction.” The plot shown in Figure 3 shows an approximately
linear relationship between the concentrations of the products
(Markovnikov ester 2 plotted against the branched allylic ester
1). This indicates that 2 is not formed from 1 (or vice versa) but
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Figure 2. Ratio of rhodium complexes obtained from *'P NMR spectra
(Figure S4) as a function of time; the sum of all signals remains constant over
the course of the reaction within the limits of measurement accuracy.
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that both products are the result of a parallel reaction, which is

0.054 Leaclonprogies,, ] in line with the mechanistic proposal made earlier."™”

= In contrast to the analysis of the concentration data for the
E 0.04 products, the plot of the percentage of active catalyst species (4
é and 5) as a function of the probably inactive species 6 gives a
; 0.03 straight line which shows that the species primarily present at
= the end of the reaction is formed from the mixture of o- and 7-
E 0.024 allyl complex in the sense of a subsequent reaction (Figure 4).
E The *'P NMR spectrum of the addition of benzoic acid to 1-
2 01 octyne catalyzed by [Rh(COD)(u,-Cl)].,/DPEPhos (in situ) at 70°C
B in 1,2-dichloroethane almost exclusively contains two signal

sets after 15h of reaction time (Figure 5). Precipitation of

002 006 009 012 015 018 0.2

i I el TG rhodium complexes from this reaction mixture is described in

the synthetic procedures (Supporting Information). By manual
sorting under inert atmosphere, the separation of crystals

Figure 3. Concentration diagram according to Mauser;" plot of the
concentration of the Markovnikov ester 2 as a function of the concentration suitable for X-ray crystal structure analysis was possible (Fig-
of the branched allylic ester 1 determined from 'H NMR data (Figure S1). ure S6).
The connectivity found in the molecular structure (Figure 6)
is in favor of the assumed formation of the already discussed o-
allyl complex 4"% (Figure S7, right). It shows the rhodium(lll)
center in octahedral coordination geometry surrounded by the
- . ik ik i diphosphine, chloride, a benzoate ligand and a vinyl ligand that
F = e e originates from 1-octyne. However, bond lengths of the alkyl
5 iy chain point to a different position of the C—C double bond
< 60 (Figure S7) and indicate the presence of the o-vinyl complex
§50_ . with a terminal double bond instead of the o-allyl species.
E Further details on the characterization of this compound by
= 401 T multinuclear NMR experiments can be found in the Supporting
T 20/ Information (Figures S7-S14).
g 4 To further distinguish between the o-vinyl and o-allyl
,2 complex, Raman measurements were carried out (Figure 7)
é g allowing for an unequivocal assignment of the position of
. carbon-carbon multiple bonds. The Raman bands were assigned

0 20 30 40 S 6 70 80 b ) hanical tra simulations (S ting In-
amount catalyically inactive spedes 6 [%] y quantum mechanical spectra simulations (Supporting In
formation) and reference measurements of the DPEPhos ligand

and the benzoic acid (Figure S15 and S16). The characteristic

Figure 4. Concentration diagram according to Mauser;" plot of the ) . . .
percentage of active catalyst species (o- and z-allyl complex, 4 and 5) as a stretching vibration of the C—C double bond in the o-allyl
function of the percentage of catalytically inactive species 6 determined complex 4 appears at 1655 cm~" while in the o-vinyl complex 6

from the *'P NMR data (Figure 54).1¢

ca. 70 % catalytically i ca. 30 % o-allyl complex 4

inactive species 6
&= 3562 ppm &= 32.82 ppm &= 36.53 ppm &= 30.57 ppm
Japp= 141 Hz Jgpp= 141 Hz Janp= 14T Hz Jgpp= 144 Hz
Jop=288Hz Jpp=289Hz ) Jop= 298 Hz Jpp=29.6 Hz
*% %
*\»r %%k
I 'th-'lw'«l Ja I
46 44 42 40 38 36 34 32 30 28 26 24 22 20
3 [ppm]

Figure 5. 3'P NMR spectra of the catalyzed addition of [benzoic acid]-

=0.47 mol/L and [1-octyne]=0.61 mol/L using the in situ generated precata-
lyst [[Rh(DPEPhos)(u,-Cl)],] 7=0.023 mol/L in 1,2-dichloroethane-d, at 70°C
after 900 minutes; o-allyl complex (4, *); unknown species which may be Figure 6. Molecular structure of the o-vinyl complex 6. Hydrogen atoms are
catalytically inactive (6, *). omitted for clarity (ORTEP, 30 % probability ellipsoids).
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Figure 7. Raman spectra of a) the o-allyl complex 4, C=C stretching vibration
at 1655 cm™'; b) the o-vinyl complex 6, vinylic C=C stretching vibration at
1608 cm ™.

it is found bathochromically shifted by 47 cm™' (Figure 7). The
band at 1608 cm™ is therefore in the typical range for terminal
carbon-carbon double bonds."”

The o-vinyl complex 6 is obviously responsible for catalyst
deactivation during the reaction, which becomes dominant
with increasing conversion. An NMR scale experiment using 6
as catalyst proves that this species is indeed catalytically
inactive (Figure S17).

To elucidate the mechanism for the formation of the
catalytically inactive o-vinyl complex 6, the isolable o-allyl
complex 4 (i.e. the “resting state” compound) was reacted with
all reactants at both room temperature as well as at T=70°C
and examined using *'P NMR spectroscopy (Figure S18). These
experiments clearly show that the catalytically inactive o-vinyl
complex 6 is formed from reaction of the g-allyl compound 4
with 1-octyne at 70°C. To further verify whether this reaction
sequence corresponds to an exchange of the alkyl ligand, the
o-allyl complex 4 was reacted with trimethylsilylacetylene 8. In
fact, it was possible to isolate a SiMe; substituted o-vinyl
complex 9, which proves the assumption of an exchange
reaction and excludes for example a simple (thermal) rearrange-
ment (Figure 8).

If the precatalyst [Rh(DPEPhos)(Cl)], 7 is reacted with an
excess of benzoic acid at 70 °C, the additional rhodium species
10 was formed (Scheme 2). 10 can be isolated and character-
ized by NMR spectroscopy. It corresponds to a product of the
oxidative addition of benzoic acid to the monomerized
precatalyst 11 and gives a hydride signal at —15.15 ppm (dt,
Jann=11.8Hz, Joy=17.4Hz) in '"HNMR spectrum. By 'H-*'P-
HMBC NMR spectroscopy (Figure S19) the hydride signal could
be clearly assigned to the doublet in the *'P NMR spectrum at
43.03 ppm (Figure 9).

If the precatalyst is generated insitu and reacted with
benzoic acid, another benzoate complex 12 (27.86 ppm, d in
'P NMR spectrum) is formed in addition to the hydrido
benzoate complex (Figure S20), presumably by disproportiona-
tion of 10 (Scheme 2).

In this rhodium(lll) species the hydride ligand is replaced by
another chlorine atom, forming the dichlorido benzoate
complex 12. The molecule was characterized by NMR and X-ray
crystal structure analysis (Figures S21) and possesses an octahe-
dral rhodium(lll) center coordinated with DPEPhos, a benzoate

Chem. Eur. J. 2021, 27, 14034 - 14041 www.chemeurj.org
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Figure 8. Synthesis of a SiMe; substituted o-vinyl complex 9, *'P NMR
spectrum of the reaction of o-allyl complex 4 with an excess of trimeth-
ylsilylacetylene 8 in 1,2-dichloroethane-d, and the molecular structure of the
SiMe; substituted o-vinyl complex 9. Hydrogen atoms are omitted for clarity
(ORTEP, 30% probability ellipsoids).
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Figure 9. °'P NMR spectrum of the conversion of [Rh(DPEPhos)(u,-Cl)], and
benzoic acid (in the ratio 1:54) at 70°C in 1,2-dichloroethane-d,.

group and two chloride ligands. During the reaction it can be
observed in "H NMR (Figure $22) that the free cyclooctadiene
generated as a result of the in situ production of the precatalyst
reacts to cyclooctene. If 10 is converted with 1-octyne, an
immediate formation of the o-allyl 4 and o-vinyl complex 6 can
already be observed at room temperature (Figure S23). The
reaction is too fast for kinetic NMR investigations. However, if
12 is converted with 1-octyne, the reaction is slow enough for
NMR spectroscopic monitoring. This NMR spectroscopic mon-
itoring confirms the formation of the o-vinyl species 6 from this
benzoate complex 10 (Figure $24). Additional validation of this
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conversion is provided by the concentration diagram of these
data (Figure 10).

The reaction from 12 to 6 is likely to take place via benzoate
complex 10. The mechanism for this step is still unclear, but
due to the excess of 1-octyne, a reaction of it seems to be a
likely hydride source for the formation of 10. If the reaction
from 10 to 6 takes place immediately at room temperature,
then it can be assumed that the formation of the monohydride
species 10 from 12 is the slowest step of this catalytic reaction.
The resulting linear relationship with a slope of approximately
—45° proves that the catalytically inactive o-vinyl complex 6 is
formed pseudo directly from the benzoate complex 12
(Scheme 3).

In order to relate this deactivation path to the original
catalysis, initial rates of these individual steps as well as of the
rhodium complex catalyzed propargylic C—H activation, i.e. the
total reaction, were determined (Table 1).1"®

This analysis shows that formation of the benzoate complex
12 and the o-vinyl species 6 occur at approximately equal rates.
The benzoate complex 12 is formed with a rate of

70
60
50
40
30

20

amount benzoate complex 12 [%)]

10+

10 20 30 40 50 60 70 80
amount o-vinyl complex 6 [%]

Figure 10. Concentration diagram according to Mauser;"* plot of the

percentage of the benzoate complex 12 determined from *'P NMR data as a
function of the percentage of the o-vinyl complex 6.
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Scheme 3. Reaction of the dichloride benzoate complex 12, forming the o-
vinyl complex 6.

Table 1. Initial rates of the total reaction as well as the formation of the
benzoate complex 12 and the o-vinyl species 6. ([catalyst]=0.0023 mol/L,
[alkyne] =0.61 mol/L, [benzoic acid]=0.47 mol/L in 1,2-dichloroethane-d,
at 70°Q)

reaction sequence Initial rates [mmol/mL:s]

total reaction (product formation) 41107
formation benzoate complex 12 29-107°
formation o-vinyl complex 6 2.5-107°

Chem. Eur. J. 2021, 27, 14034 - 14041 www.chemeurj.org

2.9-107° mmol/mL:s but it is also converted into the catalytically
inactive o-vinyl species 6 in the presence of 1-octyne
(2.5-10°°® mmol/mL:s). Its stationary concentration during catal-
ysis is thus very small. With these initial rates it can now be
explained why only a small portion of 12 (approx. 4%) could be
detected during monitoring of the catalytic reaction (Figure S3,
grey-blue species). Although the formation of the o-vinyl
complex 6 is by an order of magnitude slower than the actual
catalytic reaction (Table 1), the formation of the catalytically
inactive species occurs irreversibly. Thus, it can be concluded
that almost all rhodium catalyst is irretrievably deactivated
during propargylic C—H activation under the used standard
reaction conditions. Even repeated addition of substrate would
not lead to further product formation.

The presented results significantly extend the initially
proposed reaction pathway"* (Figure $25) and allow for the
refinement of the mechanistic picture (Figure 11). After an
experimentally confirmed monomerization of 7 to 11 of the
precatalyst 7,'" coordination of 1-octyne occurs, as described
earlier."™ However, the results also indicate that the alkyne
complex 14 is not asymmetric, as previously assumed but has a
symmetrical structure and is neutral in nature due to the
coordination of two alkyne molecules.” Based on NMR data (d,
0=23.3 ppm, Jgp=117 Hz) and comparison with literature data
(IRhCI(NBD)(DPEPhos)], d, =155 ppm, Jpp=120 Hz),?" this
compound is most likely a rhodium(l) complex that possesses a
fivefold coordinated metal center (Figure S26). Furthermore, its
formation is reversible.”? Subsequent ligand exchange with
benzoic acid and intramolecular alkyne protonation leads via
transition state 15 to the vinyl species 16. Competing dimeriza-
tion of the alkyne from complex 14 is also formally feasible but
could be excluded experimentally.”® From 16 reductive elimi-
nation explains the formation of the side product, the
Markovnikov ester 2 (Figure S27). 3-Hydride elimination leads
via the allene hydrido complex 17 to o-/m-allyl equilibrium 4
and 5.% Reversible reductive elimination of the branched allyl
ester 1 from m-allyl complex 5 closes the catalytic cycle and
regenerates 11.1'%

The formation of the side product 1,3-octadiene 3 could
likely be explained by the hydrometallation of the internal
double bond of the allene ligand in complex 17. The so formed
internal o-allyl complex 18 could react by a consecutive
reductive elimination to the monohydride benzoate complex
10 and release 3.

Although a reaction of the precatalyst 7 [Rh(DPEPhos)(u,-
Cl)], with benzoic acid at room temperature was excluded in
our earlier work,"® new investigations at 70°C, i.e. under
standard reaction conditions, have shown that a parallel
reaction in fact takes place. The benzoate complex 10 from this
conversion and its formation was explored in detail. Thus, in the
presence of an olefin or diolefin (like COD due to in situ
precatalyst generation) the benzoate complex 12 is visible, as a
result of a disproportionation of 10 and hydrogenation of the
respective olefin by 13. The catalyst deactivation associated
with benzoate complexes 10 (or 12) is an important key step.
By coordinating 1-octyne as a vinyl ligand to the benzoate

14038 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 11. Modified reaction mechanism of rhodium complex catalyzed propargylic C—H activation based on the results presented in this work.

complex 10, the catalytically inactive o-vinyl complex 6 is
formed irreversibly.

In order to minimize the formation of the o-vinyl complex 6,
now recognized as the reason for catalyst deactivation, the
formation of its precursor, the benzoate complex 10 must
therefore be reduced as much as possible. Due to this, it is
desirable to increase the concentration of alkyne in solution at
constant benzoic acid concentration to facilitate the alkyne
coordination to 11 to form 14. By this, the actual catalytic cycle
is preferred over the competitive formation of the benzoate
complex 10 and the resulting catalytically inactive o-vinyl
species 6. In fact, it could be shown experimentally that an
increase of concentration of alkyne from 1.2 eq. to 4.7 eq. in the
rhodium complex catalyzed addition of benzoic acid to 1-
octyne leads to a reduced formation of the catalytically inactive
o-vinyl compound 6 (Figure $28).*" The results show that a
significantly lower catalyst/substrate ratio is possible and the
catalyst concentration can be reduced from initially 5 mol% to
2.5 mol % with unchanged high selectivity (Scheme 4).

Chem. Eur. J. 2021, 27, 14034 - 14041 www.chemeurj.org

g * 68% cat. inactive g-vinyl complex 6
% 31% active o-allyl complex 4

new:
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" o 11% active o-allyl complex 4

Scheme 4. Optimized rhodium complex catalyzed propargylic C—H activa-
tion; the catalyst concentration given is based on the amount of used
benzoic acid.

Conclusion

Besides detailed kinetic measurements by using in situ oper-
ando NMR spectroscopic reaction monitoring, the studies
presented include mechanistic investigations by using NMR and
Raman spectroscopy as well as the structural characterization of
intermediates of the catalytic cycle with X-ray crystal structure
analysis. Especially the interpretation of NMR data by using so-
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called concentration diagrams provided important information
on the parallel formation of the ester products and the
generation of the catalytically inactive species 6. On the basis of
these studies, individual elementary steps of the catalytic
propargylic C—H activation reaction by using the precatalyst
[Rh(DPEPhos)(u,-Cl)], 7 could be specifically investigated. Thus,
although this method is rarely used, its application to complex
catalytic reactions is a very valuable tool.

The suspected catalyst deactivation could be confirmed
experimentally for the first time by identifying a catalytically
inactive rhodium(lll) o-vinyl species 6, which is formed from a
rhodium(lll) benzoate complex 10 at low alkyne concentrations.
After considering these new insights into the reaction pathway
for optimizations of the catalytic protocol, it was possible to
more than double the productivity of the catalyst system in
initial test reactions. Further studies will focus on the optimized
slow addition of benzoic acid for example by syringe pump in
combination with insitu IR-spectroscopy to minimize the
catalyst deactivation.

Experimental Section
For experimental details, see the Supporting Information.

Crystal-structure analysis: Deposition Numbers 2000244 (6),
2000245 (9) and 2000243 (12) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service www.ccdc.ca-
m.ac.uk/structures.
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