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Abstract: A comprehensive mechanistic investigation is conducted to uncover the factors governing the selec-
tivity of Ag, Rh, and Cu catalysts in vinylcarbene-mediated reactions. The study examines the preference for
carbenic versus vinylogous C(sp3)─H bond insertion, highlighting the critical roles of the electronic and steric
properties of transition metal catalysts. Contrary to previous assumptions that the enhanced electrophilic character
of the vinylogous position in metal vinyl carbenes is the primary determinant, the findings demonstrate that the
stereoelectronic effects of the ligand play a more dominant role. These insights inform the design of catalytic
systems with tailored selectivity, advancing predictive catalysis and C─H bond functionalization.

Keywords: alkynes, carbenes, carbenic reactivity, C─H functionalization, density functional theory, vinylogous
reactivity

1. Introduction
Transition metal carbene complexes serve as highly
adaptable intermediates in organic synthesis, facilitating
crucial transformations. Notably, carbene transfer reac-
tions to C─H bonds,[1] including the regio- and enantio-
selective modification of the relatively inert C─H bonds
in alkanes,[2] have significantly advanced methods for
C─C bond formation. A compelling subclass of metal
carbene complexes are those containing vinylcarbenes.
The conjugation between the double bond and the car-
benic position not only enables [3þn]-cycloadditions[3]

but also imparts reactivity at the vinylogous site
(Scheme 1A). These unique features have been lever-
aged to develop synthetically valuable transformations,
building on the foundational work of the Davies group in
the 1990s,[4] and the notable contributions, among
others, by the Doyle group.[5]

The selectivity in reactions involving metal–
vinylcarbenes is strongly influenced by the substrate
structure, and more significantly, by the choice of the
metal catalyst.[6] However, only a limited number of
examples have demonstrated vinylogous site insertion
with activated C(sp2)─H bonds under rhodium cataly-
sis[7] or with various X─H bonds (X=O, N, and F)
using different metals.[8] As a general trend, reactions
mediated by rhodium vinylcarbene intermediates—
accounting for the majority of reported cases—exhibit
typical carbene reactivity, albeit with some notable
exceptions.[7] In contrast, coinage metal catalysts, which
have been much less explored, predominantly target the
vinylogous carbon. This difference in reactivity has
primarily been attributed to the enhanced electrophilic
character of the vinylogous position in coinage metals
vinylcarbene intermediates.[9]
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The most straightforward method for generating
vinylcarbene transition metal complexes involves the
transition metal-catalyzed decomposition of vinyldiazoa-
cetates or related arylsulfonylhydrazones.[10] However,
while methods for synthesizing vinyldiazo compounds
appear broadly applicable, each comes with significant
limitations, particularly in terms of substrate scope.
Alternative strategies have been developed to access topo-
logically distinct vinylcarbene–metal complexes, includ-
ing the electrophilic ring opening of cyclopropenes,[11]

the oxidative diyne cyclizations,[12] the decarbenation
via a retro-Büchner reaction of 7-substituted-1,3,5-
cycloheptatrienes,[13] the gem-hydrogenation of enynes,[14]

or the more broadly applicable carbene/alkyne metathe-
sis (CAM).[15]

The CAM process, initially described by Padwa[16]

and Hoye,[17] provides a route wherein a metal carbene
complex, typically derived from a diazo precursor, inter-
acts with an alkyne, transferring the carbene moiety to
one of the alkyne carbons to form a vinylcarbene–metal
complex. This approach, especially when executed in an
intramolecular set-up, enables the efficient construction
of polycyclic structures through CAM cascades, which
can culminate in diverse carbene transformations.[18,19]

Research by Doyle and Xu[20] on chiral dihydroindole
synthesis via CAM cascades with propargyl diazoace-
tates has shown that selective C(sp3)─H bond insertion
at the carbene site can be achieved by fine-tuning the
ligands of dirhodium complexes (Scheme 1B). In con-
trast, our groups have recently shown that in an almost

analogous substrate (replacing the ethylmethylamino
group with a dimethylamino group), the use of silver tris-
pyrazolylborate catalysts achieves intramolecular inter-
ception of the remote position of vinylcarbene–silver
intermediates by C(sp3)─H bond insertion granting
access to azepine derivatives (Scheme 1C).[21]

In this work, we present a mixed computational and
experimental study on the reactivity of Ag, Rh, and Cu
with a probe substrate, aiming to elucidate the factors
that direct the reactivity toward either carbenic products
(CAR) or vinylogous products (VIN). Contrary to pre-
vious proposals, our findings reveal that stereoelectronic
interactions between the ligand and the substrates out-
weigh the differences in electrophilicity of the two reac-
tive sites of the vinylcarbene–metal intermediate.

2. Results and Discussion
The study was initiated by evaluating the reaction of the
dimethylamino substrate 1 under rhodium catalysis
using Rh2(OAc)4 and Rh2(esp)2, and the results were
compared to those previously obtained[21] with silver
(Table 1). Rh2(OAc)4 promoted an overall yield of 73%
with a CAR:VIN ratio of 74:26, whilst Rh2(esp)2 pro-
vided a significantly higher yield of 95%, along with
an increased CAR:VIN ratio of 93:7. These findings
assess the hypothesis that silver favors the vinylogous
reactivity compared to rhodium. However, they also
reveal that the reactivity at the two sites of the

A

B

C

Scheme 1. The dual reactivity of vinylcarbenes. A) Vinylcarbene metal complex rich reactivity. B) Rh-catalyzed selective carbenic
C─H insertion (Doyle and Xu). C) Ag-catalyzed selective vinylogous C─H insertion (previous results from our group).
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vinylcarbene–metal intermediate is strongly influenced
by the ligand coordinated to the metal. We thus turned
to computational techniques (density functional theory
(DFT) calculations) to investigate the mechanisms
underlying the observed selectivity differences with
the various catalysts. The mechanism for the silver-
catalyzed transformation had already been computed,[21]

and served as a reference for studying the rhodium-
catalyzed reaction. The reaction was initially computed
for the Rh(II) acetate dimer (see Figure S5, Supporting

Information for the whole profile) and the possible path-
ways starting from vinylcarbene species F are shown in
Figure 1 (energy values depicted in gray). Initially, a
hydride shift surpassing an energy barrier of 14.7 kcal
mol�1 leads to zwitterionic intermediate G, which is
2.5 kcal mol�1 lower in energy than the preceding mini-
mum. All attempts to locate the more conventional con-
certed C─H insertion from intermediate F in our system
were unsuccessful. From G, the selective step determin-
ing the formation of the CAR and the VIN occurs.

Figure 1. Reaction profile for the formation of CAR and VIN products from intermediate vinylcarbene species F (relative Gibbs
energies in kcal mol�1).

Table 1. Comparison of the selectivity of silver- and rhodium-catalyzed reactions.

Entrya) Catalyst CAR yield [%]b) VIN yield [%]b) CAR:VIN ratio

1 Tp(CF3)2,BrAg(THF) 10 70 12:88
2 [TpBr3Ag]2 34 35 49:51
3 Rh2(OAc)4 54 19 74:26
4 Rh2(esp)2 88 7 93:07

a) Reactions were carried out with 0.06 mmol of 1 ([1]=3.8 mM), at room temperature in 16 mL of CHCl3 for 1.5 h;
b) Isolated yield.
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On one hand, G undergoes a backside SE2[22] C─C
bond-closing step to form the CAR via TS-GCAR with
a kinetic cost of 4.5 kcal mol�1. On the other hand,G can
rotate and directly engage in an SE2’ reaction at the
γ carbon atom, overcoming a barrier of 5.0 kcal mol�1

to form the vinylogous product VIN. The possibility
of metal dissociation from intermediate G to generate
a free carbanion prior to C─C bond formation was eval-
uated but found to be energetically unfavorable, and
thus, ruled out. Of note, in the selectivity determining
step, the iminium ion is the electrophilic fragment, and
the allyl rhodium fragment is the nucleophilic one.
The reaction profile was also computed for Rh2(esp)2
(Figure S5, Supporting Information and Figure 1,
depicted in black), a much bulkier catalyst.

Computational results align with the experimental
data, indicating that the formation of the CAR product
is both kinetically and thermodynamically favored over
the VIN product across the two rhodium catalysts
studied. This is in contrast to the previous results with
Tp(CF3)2,BrAg in which the formation of the VIN product
was kinetically but not thermodynamically favored over
the formation of the CAR product (see Figure S1,
Supporting Information). To complete the picture and
evaluate the importance of the substituents on the Tpx

ligand, the reaction mechanism with the TpBr3 ligand was
also computed (see Figure S2, Supporting Information),
resulting in the formation of theCAR product being both
kinetically and thermodynamically favored over the for-
mation of the VIN product. The computed differences in
the transition state energy barriers for accessing the two
products (ΔΔG‡ [TS-GVIN–TS-GCAR]) are as fol-
lows: 0.5 kcal mol�1 for both Rh2(OAc)4 and Rh2(esp)2,
0.7 kcal mol�1 for [TpBr3Ag]2, and �0.4 kcal mol�1 for
Tp(CF3)2,BrAg(THF). While these values generally reflect
the observed trends, they do not fully account for the
experimentally obtained ratios (Figure 2). For instance,

the bulkier Rh2(esp)2 catalyst results in a significantly
higher CAR:VIN ratio than Rh2(OAc)4, and the models
fail in predicting a higher CAR:VIN ratio for [TpBr3Ag]2
than the rhodium catalysts. However, the observed dif-
ferences are within the range of accuracy (1 kcal mol�1),
and minor errors in computed transition state energies
can lead to a reversal in predicted selectivity due to
the exponential relationship between activation energies
and rate constants.[23] Therefore, we chose to conduct a
thorough analysis of the intermediates and the transition
state structures to identify steric and electronic factors
that could influence the reaction selectivity.

We began by examining a series of electronic and
steric descriptors to uncover potential correlations
(Table S2, Supporting Information). The charge distribu-
tion analysis reveals that the carbenic carbon consis-
tently exhibits a higher propensity for C─C bond
formation. This observation suggests that the vinylogous
product is unlikely to predominate in the studied sys-
tems, indicating that electronic effects, if present, play
only a minor role. In contrast, analysis of the steric
descriptor, specifically the buried volume (%Vbur),[24]

reveals an opposite trend: the vinylogous position is ste-
rically less hindered, making it more accessible for reac-
tion. These findings suggest that more complex,
multifaceted factors are influencing the observed reactiv-
ity trends.

To unravel these factors, we analyzed the 3D struc-
tures of key intermediates and transition states along the
reaction pathway. Structural comparisons revealed sig-
nificant geometric differences between the rhodium
and the silver catalysts in the reactive forms of interme-
diate G (Figure 3). In the paddlewheel rhodium com-
plexes, the planar and extended shape with minimal
lateral openings and the tight coordination of the carbox-
ylate ligands constrains the substrate into a planar-like
geometry. The iminium nitrogen atom adopts an almost
orthogonal orientation relative to the Rh–carbenic car-
bon axis (Rh─C(carbene)─N angle: 91.7°), positioning
the iminium carbon closer to the carbenic carbon
(2.935 Å) than to the vinylogous carbon (4.831 Å) in
the rhodium vinylcarbene system. In contrast, the tris-
pyrazolylborate ligand in the silver catalyst creates an
umbrella-shaped environment with three distinct cavities
and furthermore shows a labile coordination (exchang-
ing between kappa-2 and kappa-3 along the reaction
pathway).[25] In intermediate G, the kappa-2 coordina-
tion enlarges the available space, allowing the phenyldi-
methylamino group to adopt a nearly perpendicular
orientation relative to the Ag–carbenic carbon axis
(Ag─C(carbene) ─N angle: 175.0°). This conformation
places the iminium carbon closer to the vinylogous car-
bon (2.553 Å) than to the carbenic carbon (3.122 Å).
Notably, dispersion interactions between the aromatic
ring bearing the iminium ion and the decoordinated pyr-
azole ring stabilize this arrangement (Figure 3C). These
interactions are more pronounced in the Tp(CF3)2,BrAg

Figure 2. Product ratios (%) and computed differences in the
transition state energy barriers (ΔΔG‡ (TS-GVIN–TS-GCAR)
in kcal mol�1) for accessing the two products.
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complex compared to the TpBr3Ag complex (Figure S4,
Supporting Information), correlating with the higher pro-
portion of the vinylogous product observed for the former.

The formation of the vinylogous product in the Rh
paddlewheel catalysts requires a 180° rotation of the aro-
matic ring attached to the iminium group (Figure 1).
A dihedral angle scan revealed that no additional
conformer could be located, as this rotation directly
leads, in a barrierless manner, to carbon–carbon bond
formation leading to the VIN product. Consequently,
as the steric bulk of the catalyst increases, the rotation
of the dihedral angle becomes increasingly hindered
(compare TS-GVIN for Rh2(OAc)4 and Rh2(esp)2),
resulting in an experimentally higher CAR:VIN ratio.
For the silver catalysts, the iminium-substituted aromatic
ring adopts a perpendicular conformation in intermediate
G, requiring only a 90° rotation.

At this stage, it is evident that the key factors influ-
encing reactivity at the vinylogous position are the steric
bulk of the catalyst and the positioning of the phenyl ring
in intermediate G. Both Rh and Ag catalysts yield car-
benic and vinylogous products; however, the selectivity
is primarily dictated by the ligand framework. The bulky
paddlewheel ligands in Rh favor the CAR, while the
umbrella-shaped environment provided by the TpxAg
moiety promotes the vinylogous product suggesting that,
to achieve selective formation of the vinylogous product,
a tridentate yet labile ligand system is required.

Building on this information, we aimed to investigate
the effect of altering the nature of the metal center.
Copper-based catalysts are well-known for their excel-
lent activity in carbene transfer reactions as demon-
strated by their use in various cycloadditions of
enoldiazocompounds.[26] Notably, copper hydrotrispyra-
zolylborate (TpxCu) complexes have been employed as
catalysts in both carbene and nitrene transfer reac-
tions.[27] Thus, TpxCu catalysts appeared particularly
attractive for our study, as they allowed us to assess the
impact of metal substitution within a well-characterized
ligand platform.[28] Upon setting up the reaction with
TpBr3Cu(NCMe), we observed a quantitative yield for
this system. However, the selectivity was notably
reversed compared to our expectations, yielding a
CAR:VIN ratio of 80:20 (Scheme 2).

The complete reaction mechanism was elucidated
using DFT calculations and is shown in Figure 4. We
initially explored a mechanistic pathway analogous to
those previously reported for silver and rhodium. Similar
to silver, the Tp ligand transitions from k3-TpBr3Cu to
k2-TpBr3Cu coordination during the catalytic cycle.[29]

Starting from the copper vinylcarbene intermediate F, a
hydride shift with an activation barrier of 15.2 kcal mol�1

leads to the formation of the iminium intermediate G,
from which kinetic barriers of 5.0 and 8.6 kcal mol�1

result in the formation of the VIN and CAR products,
respectively. Based on these results, one would expect
an almost exclusive formation of the VIN product, in
contrast to the experimental observations. Revisiting
the mechanistic pathways across different metals, we
identified a notable divergence in the behavior of copper

Figure 3. A) Steric maps with bottom and side view for
Rh2(OAc)4 and Tp(CF3)2,BrAg catalysts; B) 3D structure with
selected distances between the iminium carbon, and vinylogous
and carbenic sites (in Å) of species G for Rh2(OAc)4 and Tp(CF3)2,
BrAg; and C) 2D and 3D noncovalent interactions plots of species
G for Rh2(OAc)4 and Tp(CF3)2,BrAg catalyst.
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and rhodium compared to silver, specifically in the for-
mation of the metal vinylcarbene intermediate. For cop-
per, the formation of vinylcarbene F from the cationic
copper vinyl intermediate D occurs with a reaction bar-
rier of 10.4 kcal mol�1. In comparison, this step involves
barriers of 13.5 and 11.0 kcal mol�1 for Rh2(OAc)4
and Rh2(esp)2, respectively (Figure S5, Supporting
Information), while for silver, this transformation is bar-
rierless. An alternative reactivity of vinyl cations, specifi-
cally the possibility of a hydride shift to the carbenic
position, was then considered.[30] Calculations revealed
that a hydride shift from the copper vinylcationD via tran-
sition state TS-DE1 proceeds with an activation barrier of
only 7.1 kcal mol�1, leading to the zwitterionic intermedi-
ate E1. Notably, this barrier is 3.3 kcal mol�1 lower than
the competing pathway involving the formation of vinyl-
carbene species F. Furthermore, E1 evolves into theCAR
product in a barrierless process (TS-E1CAR), bypassing
the vinylcarbene species entirely. This new mechanistic
pathway aligns with the experimental results, where

the CAR product emerges as the major species via a
route that bypasses the vinylcarbene intermediate F.
Conversely, the pathway involving the vinylcarbene
species F preferentially leads to the formation of the
VIN product. The relatively high barrier for the back-
conversion of F to D explains the observed mixture of
CAR and VIN products. For rhodium, a distinct scenario
arises. IntermediateE1 does not progress to theCAR prod-
uct, as no corresponding transition state could be located.
Reaction coordinate scans consistently reverted to E1, ren-
dering this pathway nonproductive. Lastly, in the case of
silver, the hydrogen shift to the carbenic position from
intermediate D is energetically unfavorable compared to
formation of F, discarding this alternative pathway.

3. Conclusions
This work highlights the intricate interplay of steric
and electronic factors in governing the selectivity of

Scheme 2. TpBr3Cu-catalyzed CAM/C─H insertion cascade.

Figure 4. Gibbs energy profile (in kcal mol�1) of the copper-catalyzed CAM reaction, and 3D structure of species E1 for TpBr3Cu catalyst.
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C(sp3)─H bond insertions into vinylcarbene–metal inter-
mediates. While paddlewheel rhodium catalysts favor
carbenic pathways due to steric constraints, Tpx-silver cat-
alysts promote vinylogous insertion through their flexible
ligand environment and dispersion interactions between
the trispyrazolyl arms and the substrate. In contrast,
Tpx-copper catalysts exhibit a distinct reactivity, bypassing
traditional vinylcarbene intermediates in favor of CAR
products via a pathway involving a vinyl cation.
Beyond mechanistic insights, this study contributes to pre-
dictive catalysis[31] by providing a framework for acceler-
ating catalyst design and emphasizing the complexity of
reaction selectivity. It underscores the importance of eval-
uating multiple reaction pathways, particularly in transi-
tion metal-catalyzed processes, where the interplay of
electronic and steric factors plays a critical role. These
findings not only advance our understanding of transition
metal catalysis but also guide the development of selective
methodologies for complex C─H bond functionalizations.
Future studies integrating predictive catalysis tools will
further refine these methodologies, enhancing their effi-
ciency and applicability across diverse substrates.

4. Computational Details
All geometry optimizations and analytical vibrational
frequency calculations were carried out using the
Gaussian16 software package (revision A.03).[32] The
BP86 functional developed by Becke and Perdew was
used,[33] together with the Grimme D3 correction term
for the electronic energy.[34,35] The electronic configura-
tion of the molecular systems was described with the
SDD basis set and pseudopotentials for Ag and Cu,[36]

the LANL2DZ basis set containing effective core rela-
tivistic pseudopotentials for Rh,[37] and the Def2-SVP
basis set with polarization functions of Ahlrichs and
coworkers for the rest of atoms.[38] The intrinsic reaction
coordinate procedure was used to confirm the two min-
ima connected by each transition state.[39] To improve
accuracy, single point energy calculations were carried
out with the B3LYP hybrid exchange–correlation func-
tional,[40] and the Def2-TZVP for nonmetal atoms.[41]

Moreover, solvent effect corrections were included to sim-
ulate a dichloromethane solution by means of the universal
solvation model SMD of Cramer and Truhlar.[42] As a
summary, the reported Gibbs energies are obtained at
the B3LYP-D3/Def2-TZVP-LANL2DZ(Rh)-SDD(Ag and
Cu)-SMD(DCM)//BP86-D3/Def2-SVP-LANL2DZ(Rh)-
SDD(Ag and Cu) level of theory together with gas-phase
thermal and entropic contributions computed at 298 K
and 1 atm at the BP86-D3/Def2-SVP-LANL2DZ(Rh)-
SDD(Ag and Cu) level of theory.
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