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Rhodium(IIl)-catalyzed C-H couplings of arenes with alkenes are among the most powerful methods
for C-C bond formation. For these transformations, subtle manipulation of ancillary ligands can lead
to dramatic changes in reactivity and selectivity. However, detailed mechanistic studies concerning the
ligand effects are rare. In this study, we investigated the origin of ligand-controlled product-selectivity
in rhodium(lll)-catalyzed C-H couplings of arenes with alkenes, using a series of well-defined [Cp*Rh']
complexes that feature electronically or sterically distinct CpX (Cp (1°-CsHs), Cp™ (n°-CsMe,4CF;) and
Cp* (n°-CsMes)) ligands. A combination of experimental and theoretical investigations showed that (i)
rhodium hydride species containing the electron rich Cp* ligand can undergo reinsertion of the alkene,
thereby allowing rhodium-walking, (ii) rhodium hydride species involving the electron-deficient Cp or
CpP ligands prefer reductive elimination rather than alkene insertion. These findings offer valuable in-
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sights on future rational catalyst design for selective arene-alkene cross coupling reactions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As powerful methods for C-C bond formation, C-H couplings of
arenes with alkenes have been actively studied using a broad range
of transition-metal catalysts (e.g., Pd, Rh, Ru and Ir) [1-5]. Nev-
ertheless, many important mechanistic details with respect to lig-
and effects remain largely unknown [6-12]. Metal hydride species
are often proposed as crucial intermediates relevant to product-
determing steps in these transformations [13-22], yet in-depth in-
vestigations on their formation and reactivities are scarce [23,24].
In recent years, a variety of well-defined rhodium(Ill) complexes
with electronically and sterically tuned cyclopentadienyl (CpX) lig-
ands have proven to be efficient catalysts for arene-alkene cou-
pling reactions [25-33]. Subtle manipulation of the CpX ligands can
result in significant changes in reactivity and selectivity. For in-
stance, as depicted in Scheme 1, the reaction of arenes with vinyl
esters under [Cp*Rh!] catalysis leads to the selective formation
of vinyl arenes [29], while [CpRh!!'] can catalyze dehydrogenative
alkenylation of arenes [30]. The reason for such a dichotomy in
product distribution remains unclear. We also question whether
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this kind of ligand-tuned selectivity is widespread in other arene-
alkene coupling reactions.

Herein, we present a comprehensive mechanistic study of the
C-H coupling reactions of benzamides with alkenes, such as vinyl
acetate and methyl acrylate. These reactions were catalyzed by
three distinct [CpXRh!!'| catalysts (Scheme 1), where CpX repre-
sents Cp, Cp and Cp* [34-36]. Our study demonstrated that
the Cp ligand, which is more electron-deficient and less steri-
cally hindered than Cp* ligand, can readily facilitate 8-H elimina-
tion and the following reductive elimination of the corresponding
rhodium hydride species. In contrast, rhodium hydride species con-
taining the electron rich Cp* ligand tend to undergo reinsertion
of the alkene, thereby enabling rhodium-walking. Based on these
mechanistic findings, we have also developed several novel ligand-
directed divergent arene-alkene coupling reactions.

We first synthesized and isolated three seven-membered rho-
dacycles 3-Cp*, 3-Cp‘F3 and 3-Cp, as shown in Fig. 1. These com-
plexes are believed to be crucial intermediates in the [CpXRh!!]-
catalyzed C-H couplings of benzamides with vinyl acetate [5,27-
33]. Stoichiometric reactions of [Cp*RhCly],, [Cp“*RhCl,], and
[CpRhl; ], with benzamide 1a and vinyl acetate 2a were performed
in acetone. We added 1.0 equiv. of NaOAc and 2.1 equiv. of AgSbFg
to the reaction systems to promote C-H rhodation [37,38] and en-
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Scheme 1. Study on ligand effects in Rh(IllI)-catalyzed arene-alkene coupling reac-
tions.
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Fig. 1. (a) Syntheses of seven-membered rhodacycles 3-Cp*, 3-CpF3 and 3-Cp. (b)
X-ray crystal structures of 3-Cp*, 3-CpF® and 3-Cp. Thermal ellipsoids are drawn at
50% probability. H atoms and SbFg~ anions have been omitted for clarity.

hance the reactivity of corresponding cyclometalated Rh interme-
diates [39,40]. After stirring the reaction systems at room temper-
ature for 2-4h, we were able to isolate 3-Cp*, 3-CpF3 and 3-Cp in
high yields of 95%, 89% and 94%, respectively. Their '"H NMR spec-
tra display ddd multiplets (8 6.30 (3-Cp*), 6.75 (3-Cp¥3) and 8.08
(3-Cp)) for methine groups that are connected to the rhodium cen-
ters. The corresponding '3C NMR signals appear at § 105.5, 105.0
and 97.5 (doublet, !Jgp.c = 31.1, 28.1, 25.6 Hz). The 'H NMR signals
of Cp* ligands in 3-Cp* and Cp ligand in 3-Cp appear at § 1.29
(singlet) and 5.01 (doublet, ?Jg;,y = 0.8 Hz), respectively. The Cp¢F3
ligand in 3-CpF3 displays an unusual set of four singlets, indicat-
ing four inequivalent methyl groups with different environments.
The structures of 3-Cp*, 3-CpF3 and 3-Cp were all unambiguously
confirmed by single-crystal X-ray diffraction analyses (Fig. 1b). The
Rh-C and Rh-O distances decrease with an increase in the electron-
deficiency of CpX ligands. These complexes are stable upon expo-
sure to air for a few months perhaps due to extra coordination in-
teractions between the rhodium centers and ester carbonyl groups.
The molecular structures of 3-Cp*, 3-Cp‘F3 and 3-Cp suggest a se-
lective [1,2]-insertion of vinyl acetate into the Rh-C bonds of cy-
clometalated intermediates during the catalytic cycle.

The elimination reactions of the three alkene insertion interme-
diates 3-CpX were then investigated to determine the origin of se-
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lective vinylation or alkenylation (Fig. 2). Since the catalytic C-H
couplings of arenes with alkenes are typically performed in the
presence of Cu(OAc),, acetate salts such as NBuyOAc and NaOAc
were added (Fig. 2a, Figs. S8 and S13 in Supporting informa-
tion) [5,27-33]. In the presence of highly soluble NBuyOAc, 3-Cp*
quickly underwent elimination at room temperature to produce
vinyl arene 4a and Cp*Rh'"'(OAc), (6-Cp*) in high yields (Fig. 2a). In
contrast, treatment of 3-Cp with NBuyOAc mainly afforded alkenyl
arene 5aa and a unique dimeric Rh(II) complex 6’-Cp. Simulta-
neous formation of hydrogen gas was also observed by gas chro-
matography (Fig. S12 in Supporting information). The structure of
6’-Cp was confirmed by single-crystal X-ray diffraction analyses
(Fig. 2a). We have also determined that 6’-Cp is a catalytically
competent species in the arene-alkene couplings (Table S1 in Sup-
porting information). These results indicate facile reductive elimi-
nation of corresponding [CpRh-H] intermediates in the catalytic cy-
cle [41,42], although an acetate-promoted E2-type elimination can-
not totally be excluded [43]. Similarly, addition of acetate salt also
enabled the elimination of 3-Cp at room temperature, producing
vinyl arene 4a and alkenyl arene 5aa in a ratio of 1:2. When the
reaction was performed at 80 °C, this ratio as well as the conver-
sion of 3-CpF3 increased dramatically (Fig. S8 in Supporting infor-
mation). We monitored these elimination processes by in situ 'H
NMR spectroscopy. The kinetic profiles of the elimination reactions
are displayed in Figs. 2b-d. The significant electronic effects of Cp¥
ligands on product selectivities of the catalytic reactions were evi-
dent from the distinct initial rates of product formation (Fig. S9 in
Supporting information).

Computational studies were also conducted on the elimina-
tion process using the Gaussian 16 program package [44]. Fig. 3
illustrates the energy profiles for 3-Cp, and additional energy
values for the elimination processes of 3-Cp* and 3-CpF3 are also
included. By exploring the potential energy surface, it is possible
to locate stationary points and transition states that could give
rise to rhodium-hydride intermediates IntB-CpX, which in turn
can lead to the formation of both 5aa (path i) and 4a (path ii).
The transition state TS1 for cis-B-hydride elimination of 3-CpX
is markedly stabilized by the unsubstituted Cp ligand. In path i,
the rhodium-hydride intermediate IntB-Cp can undergo reductive
elimination via TS2 (with a free energy barrier of 4.72 kcal/mol) to
generate 5aa and 6’-Cp. Our calculations indicate that the products
lie 26.14kcal/mol below the starting seven-membered rhodacycle
3-Cp. Alternatively, the rhodium-hydride intermediate can rein-
sert into the olefin to lead to the formation of a six-membered
rhodacycle IntC-Cp as shown in path ii. The reaction free energy
and energy barrier were calculated to be —18.88 and 7.16 kcal/mol
(TS3), respectively. Subsequently, IntC-Cp undergoes J-acetate
elimination, resulting in the formation of 4a and CpRh!!(OAc),
(6-Cp). The free energy of the resulting products is predicted to
be 4.92 kcal/mol higher than that of 5aa and 6’-Cp. Notably, the
CpX ligand exerts a significant impact on the thermodynamic
stability of the final products (Fig. 3a). In particular, replacing the
Cp ligand with Cp* leads to a greater thermodynamic stability of
the final products of path ii (—23.82kcal/mol) than that of path
i (—16.63 kcal/mol). This observation has been further confirmed
by employing the CpF ligand. On the other hand, the optimized
structures of IntB-CpX complexes with Cp, Cp™ and Cp* ligands
are presented in Fig. S15 (Supporting information). The Rh-H bond
lengths follow the order of Cp* (1.5544A) > CpF3 (1.5421A) > Cp
(1.5387 A), suggesting that the Rh-H bond in IntB-Cp are stronger
than that in IntB-Cp*® and IntB-Cp*. The HOMO and LUMO
energy levels exhibit the trend of Cp=Cp‘F® > Cp*, indicating
that both Cp and Cp ligands are more electron-deficient than
Cp*, which further supports the relatively stronger Rh-H bonds
in IntB-Cp and IntB-Cp®F3. Overall, these findings could clearly
explain the selective elimination of 3-CpX as illustrated in Fig. 2.
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Fig. 2. (a) Selective eliminations of rhodacycles 3-CpX. (b-d) Monitoring ('"H NMR) of the elimination of 3-CpX.
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Fig. 3. Theoretical studies on elimination of 3-CpX.

In order to investigate the effect of different CpX ligands on
the C-H couplings of arenes with ethyl acrylate, catalytic reac-
tions between benzamide 1b and §,B-dideuterated ethyl acrylate
2b-d, were performed using three [CpXRh(MeCN);](SbFg), pre-
catalysts (Cp*=Cp*, CpF3® and Cp) (Fig. 4a). In the reaction cat-
alyzed by electron-rich [Cp*Rh""|, considerable migrations of 8-
deuterium onto a-position of the olefination products 5bb-d were
observed, suggesting a 8-H elimination/Rh-H olefin reinsertion se-
quence [45,46] in the catalytic cycle. On the contrary, no signif-
icant deuterium migrations were observed in reactions catalyzed
by electron-deficient [Cp“F3Rh!!] and [CpRh!!]. Similar observations
were made in [CpXRh"'|-catalyzed C-H olefination of electron-rich
acetanilide 1c with B,8-dideuterated styrene 2c-d, (Fig. 4b). Un-

der catalytic reaction conditions, Rh-hydride olefin reinsertion was
inhibited with electron-poor Cp* ligands, possibly due to a facile
B-H elimination/reductive elimination sequence.

To study the reaction mechanism, we thus conducted stoichio-
metric reactions of [Cp*RhCl;],, [CpF3RhCl, 5, and [CpRhl; ], with
benzamide 1a and methyl acrylate 2d in the presence of AgSbFg
and NaOAc in acetone (Fig. 5a). Two six-membered rhodacycle
complexes 7-Cp* and 7-CpF3 were isolated in good yields (73%
and 70%). The 'H NMR spectra of 7-Cp* and 7-CpF® showed
ddd multiplets (§ 4.25 (7-Cp*) and 4.78 (7-CpF3)) for methine
groups connected to the rhodium centers. Along with these rho-
dacycles, the formation of the corresponding alkenylation product
5ad (26% for [Cp*Rh]; 40% for [CpFRh]) were observed. The
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Fig. 4. Ligand-tuned product selectivity in Rh(Ill)-catalyzed C-H olefinations with
ethyl acrylate and styrene.
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Fig. 5. (a) Syntheses of six-membered rhodacycles 7-Cp* and 7-Cp3. (b) X-ray
crystal structures of 7-Cp* and 7-Cp®F. Thermal ellipsoids are drawn at 50% prob-
ability. H atoms and SbFg~ anions have been omitted for clarity. (c) Detection of
catalytic species relevant to [Cp*Rh-H] intermediates.

alkenylation reactions of 1a with 2d in the presence of 4 mol% of
7-Cp* and 7-Cp“¥3 were then conducted, both of which resulted
in the desired 5ad in good yields (Scheme S2 in Supporting
information). However, the stoichiometric reaction of [CpRhl;],
with 1a and 2d directly afforded the alkenylation product 5ad
in 80% yield (Fig. S6 in Supporting information). In this case, we
did not observe any specific rhodium complexes related to the
expected six-membered rhodacycle complex 7-Cp. The structures
of 7-Cp* and 7-Cp® were unambiguously confirmed by single-
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crystal X-ray diffraction analyses (Fig. 5b), which showed selective
[1,1]-insertion of methyl acrylate 2d into the Rh-C bonds. Jones
et al. previously established an analogous [1,1]-insertion process
in reactions of cyclometalated rhodium complexes with ethylene
and proposed a [1,2]-insertion/B-H elimination/Rh-H olefin rein-
sertion mechanism [45,46]. Here, the isolation of [1,1]-insertion
products instead of the [1,2]-insertion counterparts could be
attributed to the preference of six-membered-ring metallacycles
over seven-membered-ring metallacycles. And the direct formation
of 5ad instead of 7-Cp confirmed significant ligand effects on the
reactivities of corresponding Rh-H intermediates.

The progress of the catalytic reactions of 1a and 2d with three
[CP*Rh!!] precatalysts (10 mol%) were further monitored utilizing
TH NMR spectroscopy (Fig. 5¢ and Table S4 in Supporting informa-
tion). The results showed that the [CpRh!!']-catalyzed alkenylation
is much faster than [Cp*Rh™]- or [CpPRh!"'|-catalyzed reactions.
And for the reaction catalyzed by [Cp*Rh!l!], 7-Cp* was the ma-
jor rhodium species (7%) observed after 5 min, along with a minor
amount of (u,-H)Rh, species. As shown in Fig. 5c, the (u,-H)Rh,
species displays an evident triplet resonance (] = 26Hz) in the
hydride region (§ =—8.7), confirming its presence [47,48]. On the
other hand, for the reaction catalyzed by [CpFRh!"], only 2% of
7-CpF3 was formed after 5min, accompanied by several other un-
known rhodium species (Supporting information). Because 7-CpX
might be formed via the Rh-H olefin reinsertion step, they can be
considered as alternate forms of corresponding rhodium hydride
intermediates in the catalytic cycle. The concentrations of 7-Cp*
and 7-Cp®F3 hardly varied with the reaction time. For the reaction
catalyzed by [CpRh!], we did not detect any signals belonging to
7-Cp or Rh-H species. These results confirmed more facile reduc-
tive elimination of the Rh-H intermediates with electron-deficient
CpX ligands.

In Heck-type reactions, reinsertion of alkenes into metal hy-
dride intermediates may result in undesired olefin isomerizations.
However, in transformations like Sigman’'s asymmetric redox-
relay oxidative Heck reactions [18,19], iterative S-hydride elimina-
tion/migratory insertion processes are promoted to achieve high
selectivities. The knowledge of electronic ligand effects on B-H
elimination/reductive elimination sequence can be utilized to cus-
tomize catalytic systems for different needs. To this end, sev-
eral arene-alkene coupling reactions were tested using different
[CP*Rh] catalysts (Scheme 2). Allylic surrogates, as unsaturated
coupling partners, typically undergo direct C(sp?)-H allylation (via
B-0 or B-X elimination) instead of Heck-type olefination reaction
(via B-H elimination) [49]. The catalytic reactions of benzamide
1a with allylic electrophile 2e-d, were conducted (Scheme 2a).
[Cp*Rh"] led to 5ae’-dy in 71% yield with excellent 8-OCOPh elim-
ination, while electron deficient [CpRh!!] selectively led to 5ae-d,
by B-H elimination. The deuterium-labelling results indicate that
the reactions proceeded with complete y-selectivity, ruling out the
possibility of an oxidative addition of the allyl electrophile to Rh!!!
centers. The [Cp*Rh]-catalyzed direct C(sp2)-H bond allylation with
ally acetate have already been widely explored [50,51]. However,
in the presence of [CpRh!!'| catalyst, dehydrogenative C-H alkeny-
lation reactions of benzamide 1a and acetanilide 1d with allyl ac-
etate 2f proceeded smoothly (Scheme 2b), affording 5af and 5df in
good yields (77% and 66%, respectively). [Cp*Rh!!!]-catalyzed cou-
pling reactions between benzamide 1b and methyl acrylate 2d
were also tested using 3-methyl-1,4,2-dioxazol-5-one [17] as an
oxidant (Scheme 2c). Under [Cp*Rh!!] catalysis, the reaction af-
forded «-branched amine product 8 in 78% yield via an oxida-
tive interception [52,53] of a [1,1]-insertion intermediate analo-
gous to 7-Cp*. In contrast, under [CpRh!!] or [CpRh!]| catalysis,
alkenylation product 5ed was yielded selectively, indicating much
more facile 8-H elimination/reductive elimination of correspond-
ing alkene insertion intermediates. The catalytic performance of
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Scheme 2. Examples for Cp* ligand-tuned divergent arene-alkene coupling reac-
tions.

[Cp*Rh!!], [CpFRh!M] and [CpRh!] in these reactions is consistent
with the insights gained from the mechanistic studies.

In summary, we have investigated the impact of three repre-
sentative CpX (Cp*, Cp™ and Cp) ligands on rhodium(IIl)-catalyzed
arene-alkene coupling reactions. The successful isolation and char-
acterization of seven-membered rhodacycles 3-Cp*, 3-Cp‘F3 and
3-Cp, as well as six-membered rhodacycles 7-Cp* and 7-Cp°F3,
confirm the relationship between [1,2]-insertion and [1,1]-insertion
processes. The experimental and theoretical studies on chemos-
elective eliminations of different 3-CpX, along with the isolation
of corresponding Rh(Ill) complex 6-Cp* and dimeric Rh(II) com-
plex 6’-Cp, demonstrates the significant impact of electronic lig-
and effects on product selectivity. These findings, together with
the ligand-directed divergent coupling reactions of arenes with di-
verse alkenes, support the conclusions that (i) Rh(IIl) centers with
electron-deficient ligands can facilitate B-H elimination/reductive
elimination sequences, (ii) Rh(III) centers with electron-rich ligands
can enable rhodium-migration. These mechanistic insights into lig-
and effects provide a roadmap for the rational design of increas-
ingly efficient catalyst systems for C-C bond formation reactions.
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