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ABSTRACT: Herein we present compelling evidence of the intervention of
electrophilic silver vinylcarbenes in the carbene-alkyne metathesis (CAM) reaction,
leading to a pivotal C(sp2)-H insertion process. The delicate equilibrium between
the stability and reactivity of transient species is crucial for efficient detection.
Through meticulous mechanistic exploration, we unveil that the mechanism for the
C(sp2)-H insertion hinges on the substitution pattern. Indeed, it departs from the
previously documented stepwise mechanism (involving Wheland intermediates),
and it follows a concerted route, quite uncommon for this transformation.

■ INTRODUCTION
Transition metal carbene complexes are highly versatile
reactive intermediates that enable key transformations in
organic synthesis. Among them, carbene transfer reactions to
C−H bonds1 have revolutionized C−C bond forming
methodologies, including the regio- and enantioselective
modification of the low reactive bonds of alkanes CnH2n+2.

2,3

Silver carbenes are usually more electrophilic than their copper
counterparts due to their weaker M-C σ and π bonds.4 This
provides obvious advantages to their reactivity, such as the
potential for insertion into the C−H bond of methane,5 but
also makes the isolation of these reactive species very
challenging.
Indeed, apart from silver-NHC carbene complexes,6 to the

best of our knowledge, only two electrophilic silver carbenes
have been characterized to date. Straub et al.7 isolated and
characterized, through X-ray diffraction and spectroscopic
techniques, a silver carbene formed upon reaction of dimesityl
diazomethane and a silver NHC complex (Scheme 1a).
Although the reactive carbene site is highly shielded by the
crowded NHC ligand, the complex is highly fragile, and no
carbene transfer reactivity has been reported for this complex.
Fürstner et al.8 also succeeded in isolating a silver trimer and

a silver tetramer cluster species upon the reaction of di(p-
(dimethylamino)phenyl) diazomethane and silver trifluoroa-
cetate, both comprising the same bridging μ-carbene entity
(for the structure of the tetrameric cluster see Scheme 1b).
These clusters exhibit some electrophilic behavior as they

afford azines by reaction with a diazo derivative, imines by
insertion into the N−H of benzylamine and subsequent
oxidation, and participate in cross-coupling reactions with
PhMgBr. Due to their amphoteric nature, the complexes also
showed modest nucleophilic behavior by acting as carbene
transfer agents. However, neither the trimeric nor the
tetrameric clusters could cyclopropanate styrene or insert
into C−H bonds, either due to the mesomeric effect of the
distal NMe2 substituent or the assembly into an aggregate.
On the other hand, metal vinylcarbenes formed upon

carbene-alkyne metathesis (CAM)9 have remained elusive so
far. The reactivity of these intermediates, as initially reported
by Padwa10 and Hoye,11 has enormous potential for the
construction of polycyclic frameworks,12,13 especially if control
over their carbenic and vinylogous reactivity is achieved.
As part of our investigations9b,12,14 in the use of silver-based

catalysts for CAM reactions, we focused on the detection of
relevant silver-carbene intermediates in such transformations.
Herein we provide, for the first time, spectroscopic evidence
for the involvement of electrophilic silver vinylcarbenes in the
carbene-alkyne metathesis reaction (Scheme 1c). Additionally,
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we demonstrate that the transfer reaction of such silver
vinylcarbenes to the C(sp2)-H bond diverges from the
traditionally accepted stepwise mechanism (Scheme 1d),15

proceeding instead through a concerted pathway (Scheme 1e).
Our findings provide insights into the electronic and steric
factors dictating the choice between these two pathways.

■ RESULTS AND DISCUSSION

Silver Catalysts for the CAM/C(sp2)-H Insertion Cascade
Reaction

Revisiting the literature, we identified propargyl aryldiazoace-
tates 1 (Scheme 2a), previously reported by Padwa16 and
Doyle,17 as a powerful platform for the ready generation of a
metal vinylcarbene and subsequent study of its transfer to
C(sp2)-H bonds. These compounds are generated by
esterification of phenylacetic acid derivatives and propargyl
alcohols followed by diazotization. Upon treatment with an
appropriate transition metal complex,16,17 metalocarbene 2 is
generated which readily engages in a carbene-alkyne metathesis
(CAM) furnishing metal vinylcarbene 3. This in situ generated
species can insert into the C(sp2)-H bond of the phenylacetic
moiety leading to indene fused product 4, in a process that
does not compete with the Buchner reaction for steric
reasons.18

We decided to verify the use of silver toward the cascade
sequence shown in Scheme 2a, employing silver catalysts
containing trispyrazolylborate ligands (Scheme 2b). These
TpxAgL complexes have been used as catalysts for the
functionalization of poorly reactive carbon−hydrogen bonds,3b

and more recently in cascade reactions involving the carbene-
alkyne metathesis (CAM).14 In a first attempt, we used 3-
phenylprop-2-yn-1-yl-2-diazo-2-phenylacetate (1a) as model
substrate and treated it with [Tp(CF3)2,BrAg(THF)] (5 mol %)
as the catalyst in dichloromethane at room temperature

(Scheme 3). The reaction afforded the expected indene fused
product 4a in quantitative yield, as confirmed by spectroscopic
techniques and by X-ray diffraction (see Supporting
Information).19

To assess the generality of this protocol, we prepared a set of
13 substrates, from which information about the chemo-

Scheme 1. Left. Silver-Carbene Complexes Described to Date (a,b) and Silver Vinylcarbene Characterized in This Study (c)
Right. Proposed Mechanisms for Stepwise Carbene Transfer to C(sp2)-H Bonds (d) and Concerted Mechanism Proposed in
This Study (e)

Scheme 2. Carbene-Alkyne Metathesis/C(sp2)-H Insertion
Cascade in Propargyl Aryldiazoacetates (a);
Trispyrazolylborate Ligands Used in This Study (b); 13C
Labelled Substrates Used in the NMR Detection of the
Vinylcarbene Intermediate (c)a

a13C-labelled carbons are marked with asterisks.
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selectivity of the reaction and the electronic and steric effects
on the reactivity was collected. The reaction worked with
excellent yields for all the substrates (Scheme 3). The effect of
substituents at the ortho-position of the phenylpropynyl moiety
(R1, Scheme 3) was initially evaluated. Very good to excellent
yields were obtained regardless of the electron-donating or
moderate electron-withdrawing character of the substituents.
Noteworthy, in all cases the carbene transfer was selective to

the C(sp2)-H in the phenyl ring of the phenylacetic moiety and
no competitive carbene transfer into the primary (4b and 4e),
secondary (4d) or tertiary (4c) C(sp3)-H in the R1 substituent
was observed. Diazo compounds with a para substituent in the
phenylpropyl moiety (R2, Scheme 3) were also suitable
substrates for the reaction with a slightly decreased yield
both for electron-withdrawing (4f) and electron-donating (4h)
substituents. Use of [TpBr3Ag]2 was also studied improving the
yield for 4f but decreasing it for 4g and 4h.
We finally investigated the effect of substituents in the

phenylacetic moiety using the fluorinated catalyst. When
substituents were introduced in the para position (R3, Scheme
3), excellent yields were obtained, with only a very slight
decrease observed with halogen substituents (4k and 4l).
When a methyl group was introduced in the meta position
(1m, Scheme 3), a mixture of two diastereoisomers, 4m and
4m′, was obtained. The formation of 4m, which is less
sterically hindered, was slightly favored. Overall, the use of
these silver catalyst provided the same type of compounds
previously reported by Padwa,16 and Doyle.17

Detection of the Silver-Carbene Species

With a very clean transformation in hand and motivated by the
interest in characterizing carbene compounds en route to
carbene transfer, we attempted the detection of such species in
our reaction. To pursue this objective, we initially mixed diazo
compound 1a with 1.1 equiv of [Tp(CF3)2,BrAg(THF)] in
CDCl3 at −40 °C, and NMR spectra were recorded. Even
though NMR signals of a transient species were observed, this
compound proved too short-lived to allow reliable character-
ization under optimal sensitivity conditions. To address this
limitation, we designed and synthesized the selective 13C-
labeled 13C-1n substrate (Scheme 2c) from fully 13C-labeled
propargyl alcohol. This substrate presents key features to
entrap the prospective silver-carbene species: (1) three 13C-
labels, including one at the carbene-forming carbon to enhance
NMR sensitivity; (2) two ortho-fluorine atoms on the
phenylacetic acid moiety to block the final step of the reaction;
and (3) a methoxy substituent on the alkyne-bound phenyl
ring to aid NMR signal discrimination in the aromatic region.
Reaction of 13C-1n with 1.1 equiv of [Tp(CF3)2,BrAg(THF)] in
anhydrous, degassed CDCl3 at −40 °C produced an emerald-
green solution containing the silver vinylcarbene species 13C-

Scheme 3. Scope of the CAM/C(sp2)−H Insertion
Cascadea

aUnless otherwise noted, we report isolated yields for reactions
carried out with 0.07 mmol of 1 in DCM ([1] = 4.7 mM), at room
temperature for 30 min. b Reaction run for 1.5 h. c Using [TpBr3Ag]2
as the catalyst.

Figure 1. Spectroscopic signatures of silver vinylcarbene species. (A) 13C{1H} NMR (CDCl3, 100 MHz, 233 K) resonance of the carbene carbon in
13C-3n (δ = 311.4 ppm). (B) 2D 1H−13C HMBC (CDCl3, 400 MHz, 233 K) cross-peak of 13C-3h showing strong three-bond correlations
between the carbene carbon (δ = 316.0 ppm) and aromatic protons (δ = 8.23, 7.63 ppm). 13C-labeled carbons are marked with asterisks.
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3n (Scheme 2c), which turned out to be stable enough at this
temperature to be thoroughly characterized. A key diagnostic
feature was the downfield 13C NMR resonance at 311.4 ppm,
which was assigned to the carbene carbon (Figure 1A). This
deshielded shift far exceeds the typical 160−220 ppm range for
NHC−Ag complexes with σ-donor single bonds, confirming
the electrophilic Ag�C double bond nature.7 This signal was
expected to appear as two overlapping doublets of doublets
with nearly identical chemical shifts and intensities, since each
carbon couples to the attached silver isotope (109Ag (48.2%) or
107Ag (51.8%)) and to the adjacent 13C-labeled carbon atom.
The experimentally observed signal appears as a broad doublet
with partially resolved carbon−silver coupling constants
estimated at approximately 215 Hz for 1J13C−109Ag and 187
Hz for 1J13C−107Ag, in agreement with those reported for
Straub’s complex (202 and 175 Hz, respectively).7 The
1J13C−13C coupling to the neighboring labeled carbon was
determined to be 34 Hz, as measured from the adjacent well-
resolved 13C signal at 173.8 ppm.
Analogous NMR experiments were performed with substrate

13C-1h lacking the two blocking fluorine atoms. Experimental
evidence for the existence of the silver vinylcarbene 13C-3h was
obtained by the observation of strong cross-peaks at character-
istic 316.0 ppm in the 2D 1H−13C HMBC spectrum (Figure
1B). These cross-peaks correspond to key three-bond
correlations between the vinylcarbene carbon and the aromatic
protons of the methoxyphenyl ring at 8.23 and 7.63 ppm,
similar to the correlations observed for the fluorine-blocked
system 13C-3n. 13C-3h underwent a relatively fast conversion
to products even at −40 °C, preventing optimal acquisition of
the more time-consuming 1D 13C NMR spectrum.
To support the spectroscopic assignment, the 13C NMR

chemical shifts of the vinylcarbene carbon were computed
using ORCA (see the Supporting Information for computa-
tional details). The protocol was first validated against
literature data for silver carbene complexes reported by

Fürstner8 (δ = 210.6 ppm; exp. 221.4 ppm) and Straub7 (δ
= 336.7 ppm; exp. 359.3 ppm), showing excellent agreement
and confirming the reliability of the method. For the present
systems, calculations predicted chemical shifts of the vinyl-
carbene carbon at 306.7 ppm for 3h, experimentally observed
at 316.0, and 297.8 ppm for the fluorine-blocked 3n,
experimentally detected at 311.4 ppm. Overall, the combina-
tion of spectroscopic and computational evidence strongly
supports20 the assignment of the observed species as silver
vinylcarbene compounds.
The electronic properties of the trapped silver vinylcarbene

species 3n were further examined. UV−vis spectroscopy in
chloroform at −40 °C revealed a broad absorption band at 622
nm, assigned to excitation from the HOMO�an antibonding
σ orbital arising from interaction between the singlet carbene
and a metal d orbital�to the LUMO, primarily the vacant p
orbital of the carbene carbon, as determined by DFT
calculations. To further support this assignment, the UV−vis
spectrum of 3n was simulated using TD-DFT calculations,
which predicted the corresponding electronic transition at 607
nm, in good agreement with the observed absorption centered
at 622 nm. This band is hypsochromically shifted relative to
Straub’s complex (742 nm),7 indicating a larger HOMO−
LUMO gap. The results suggest that the HOMO is stabilized
due to reduced Ag→C backdonation, while the LUMO is
slightly destabilized by increased π-acceptor character of the
carbene carbon. The weaker metal−to−carbene π interaction
resulting in greater orbital separation imparts a more
electrophilic carbene center, accounting for the higher
reactivity of the vinylcarbene complex 3 under study.
Computational Mechanistic Studies

To gain additional information about this first spectroscopic
evidence for the formation of a vinylcarbene in carbene-alkyne
metathesis reactions, we performed density functional theory
(DFT) calculations at the B3LYP-D3/Def2TZVP-SDD-SMD-
(CH2Cl2)//BP86-D3/Def2SVP-SDD level of theory using the

Figure 2. Gibbs energy profile (in kcal/mol) of the silver-catalyzed CAM cascade reaction of 1a ([Ag] = [Tp(CF3)2,BrAg]).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c19806
J. Am. Chem. Soc. 2026, 148, 3689−3696

3692

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19806/suppl_file/ja5c19806_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19806?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19806?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19806?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19806?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c19806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Gaussian16 software package, as in our previous related
study,14 where this method was benchmarked and validated for
similar substrate−catalyst systems. Figure 2 shows the pathway
for the overall transformation of 1a. The mechanism for this
transformation starts with the formation of the donor−
acceptor silver carbene C through a barrier of 12.2 kcal/mol.
Subsequently, a nucleophilic attack of the alkyne onto the
carbenic carbon induces a 5-exo-dig cyclization, yielding
zwitterionic vinyl cationic species D in an exergonic step
(19.7 kcal/mol) with an energy barrier of 2.2 kcal/mol. Next,
the nucleophilic attack of the negatively charged silver atom to
the carbocation leads to the formation of silver η3-vinylcarbene
E surpassing a kinetic barrier of 11.0 kcal/mol. At this point, a
rearrangement occurs, resulting in the formation of the silver
η1-vinylcarbene F with an associated energy barrier of only 0.4
kcal/mol.
Then, the carbene transfer takes place with a concerted C−

C bond formation and C−H bond activation via TS-FG
through a barrier of 18.6 kcal/mol, yielding the final scaffold in
a highly exergonic process. This pathway reinforces the
assignment of the detected intermediate as 3a, as it precedes
the rate-determining step of the reaction. But a second very
important point emerges from these results: it postulates a
concerted synchronous pathway21 for the insertion of the
carbene moiety into the C(sp2)-H bond, at variance with
previous reports proposing a stepwise pathway.15 In fact,
precedents for a concerted insertion are limited to one case
reported by Xu et al.22 using rhodium catalysis.
Indeed, the insertion of a carbene into C(sp2)-H bonds is

generally postulated to occur in a stepwise manner,15 with the
formation of the C−C bond preceding the formation of the
C−H bond. The C−C bond formation step involves the
electrophilic addition of the transition metal carbene
intermediate to the aromatic ring, resulting in a Wheland
intermediate (see Scheme 1d). The picture is less specific for
the second step. A [1,2]-H migration step23 has been
postulated for reactions involving donor−donor carbenes.
Alternatively, for metal-carbenes including (at least) an
acceptor substituent, a proton transfer to the oxygen of the
carbonyl adjacent to the carbene carbon forming an enol that
tautomerizes to the keto form24 has been proposed (Scheme
1d). Despite our efforts, the transition state leading to a
Wheland intermediate could not be located in the mechanistic
pathway described in Figure 2.
To investigate whether concerted C(sp2)-H insertion is a

specific mechanistic feature of donor−donor vinylcarbenes, we
ran DFT calculations for the C(sp2)-H insertion step for a
series of substrates with different substituents. We initiated our
analysis by studying three different substituents in the para
position of the phenylpropynyl ring (R2 = CH3, I, CH3O). In
these cases, both concerted and stepwise transition states could
be located (see Figure 3, for substrate 1g with R2 = CH3).
For the stepwise C(sp2)-H carbene transfer, the reaction

proceeds through electrophilic addition of the carbene to the
arene, leading to intermediate H, the so-called Wheland
intermediate. Subsequently silver decoordination yields 3H-
indene intermediate H-free in an exergonic process. From
there, a 1,2-H shift occurs, recovering the aromaticity of the
arene ring and yielding the final product G. The concerted
pathway (F → TS-FG →G) corresponds to that shown in
Figure 2. The rate-determining step (rds) for the overall
transformation lies in the C(sp2)-H carbene transfer, both in
the concerted and stepwise pathways. In the former, the rds is

the C−H insertion (TS-FG) whereas in the latter the rds is the
electrophilic addition of the carbene to the arene (TS-FH)
(barriers compared in Figure 4b−d). In the three cases studied
in this first set (R2 = CH3, F, CH3O), the pathway with the
lowest energy corresponded to the concerted mechanism,
irrespective of the electron-donating or electron-withdrawing
nature of the substituents present in the aromatic ring.
To validate the generality of our results, we extended our

analysis to include calculations using the [TpBr3Ag] core which
has proven to be effective for this transformation (Scheme 3).
We computed barriers for both mechanisms for substrates
featuring F, Me and MeO para substituents in the phenyl-
propynyl moiety (see Supporting Information for the values).
Across all three cases examined, our results are consistent with
the ones obtained for the [Tp(CF3)2,BrAg] core, reaffirming the
predominance of the concerted mechanism.
We then evaluated the effect of NMe2, OCH3 and iPr

substituents in the ortho position of the phenylpropynyl moiety
(R1) with the [Tp(CF3)2,BrAg] core. In these three cases studied,
only the transition state for the stepwise pathway could be
located (Figure 4e−g). Notably, for the substrate bearing the
dimethylamino moiety, C(sp2)-H insertion would proceed in a
stepwise manner. However, the barrier is notably high at 33.5
kcal/mol, nearly 14 kcal/mol higher than the pathway leading
to the N−C(sp3)-H insertion previously reported by us,14

consistent with the fact that C(sp2)-H insertion was never
experimentally observed in this substrate.
To determine if steric factors were responsible for the

prevalence of the stepwise mechanism in the substrates bearing
substituents in the ortho position, we examined the structures
of intermediates F. The analysis showed that the phenyl ring
flanking the carbene adopts a coplanar orientation with the
(empty) 2p carbene orbital. However, for o-iPr (Figure 4g), o-
NMe2 (Figure 4e), p-CH3 (Figure 4b) and o-OCH3 (Figure
4f), the phenyl ring is slightly twisted (with the degree of
twisting decreasing in the indicated order), and this trend does

Figure 3. Gibbs energy profile (in kcal/mol) of the C(sp2)-H carbene
transfer for the formation of 4g ([Ag] = [Tp(CF3)2,BrAg]).
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not correlate with the differences observed. Conversely, a
detailed analysis of TS-FG and TS-FH structures showed that
the steric hindrance of the ortho substituents impedes the
proper approximation of the C−H bond to the carbenic
carbon towards the concerted pathway. This determines the
prevalence of the stepwise mechanism in the ortho-substituted
substrates.
Next, we examined the effect of substituents in para position

in the phenylacetic ring (R3). The mechanism for substrates
bearing CH3, CH3O, F, and Br substituents was determined to
be always concerted irrespective of the electronic nature of the
substituents (Figure 4h−k). On the other hand, and not
unexpectedly, when the substituents were introduced in meta
position, different outcomes were observed depending on the
type of substituent.25 In the case of a CH3 or CF3 group
(Figure 4l and o, respectively), only the concerted insertion
was operative. Conversely, when F or CH3O groups were
studied (Figure 4m and n, respectively), exclusive stepwise
insertion was observed. We hypothesize that the presence of
lone pairs of electrons in these substituents provides
stabilization through mesomeric effects to the Wheland
intermediate to favor the stepwise mechanism (see Supporting
Information).26

The observation of singular mechanistic features for donor−
donor metal carbenes is not unprecedented. For C(sp3)−H
bonds, mechanistic studies support in most of the cases a
concerted mechanism as initially proposed by Nakamura et
al.27 However, in recent examples by Shaw, Tantillo et al.28

using rhodium and by our group using silver,14 an alternative,
stepwise C−H insertion mechanism involving a zwitterionic
intermediate has been proposed.

■ CONCLUSIONS
In summary, herein we provide experimental proof of the
intervention of electrophilic silver vinylcarbenes in the
carbene-alkyne metathesis (CAM) reaction, culminating in a
C(sp2)-H insertion process. The delicate balance between a

transient species that is stable yet reactive enough to be
significant for catalysis allowed for the unprecedented
spectroscopic characterization of a silver vinylcarbene.
Furthermore, our comprehensive mechanistic investigation
reveals that although the literature has adopted a stepwise
carbene C(sp2)−H bond insertion as the norm, such reaction
can also proceed in a concerted synchronous manner. In the
case of the studied silver vinylcarbenes, the most favorable
mechanism is concerted, and only in the case of substituents
imparting significant steric hindrance or mesomeric stabiliza-
tion of the Wheland intermediate it does proceed via a
stepwise mechanisms.
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A. Co, and A.P. are Serra Huńter Fellows and A.P. and A.Co.
thank ICREA Academia Prizes.

■ REFERENCES
(1) He, Y.; Huang, Z.; Wu, K.; Ma, J.; Zhou, Y.-G.; Yu, Z. Recent
Advances in Transition-Metal-Catalyzed Carbene Insertion to C-H
Bonds. Chem. Soc. Rev. 2022, 51, 2759−2852.
(2) (a) Liao, K.; Yang, Y.-F.; Li, Y.; Sanders, J. N.; Houk, K. N.;
Musaev, D. G.; Davies, H. M. L. Design of Catalysts for Site-Selective
and Enantioselective Functionalization of Non-Activated Primary C−
H Bonds. Nat. Chem. 2018, 10, 1048−1055. (b) Liao, K.; Negretti, S.;
Musaev, D. G.; Bacsa, J.; Davies, H. M. L. Site-Selective and
Stereoselective Functionalization of Unactivated C−H Bonds. Nature
2016, 533, 230−234. (c) Liao, K.; Pickel, T. C.; Boyarskikh, V.;
Bacsa, J.; Musaev, D. G.; Davies, H. M. L. Site-Selective and
Stereoselective Functionalization of Non-Activated Tertiary C−H
Bonds. Nature 2017, 551, 609−613.
(3) (a) Liu, Z.; Cao, S.; Yu, W.; Wu, J.; Yi, F.; Anderson, E. A.; Bi, X.
Site-Selective C−H Benzylation of Alkanes with N-Triftosylhydra-
zones Leading to Alkyl Aromatics. Chem 2020, 6, 2110−2124.
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