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Intramolecular Interception of the Remote Position of Vinylcarbene
Silver Complex Intermediates by C(sp3)� H Bond Insertion

Àlex Díaz-Jiménez, Roger Monreal-Corona, Albert Poater,* María Álvarez, Elena Borrego,
Pedro J. Pérez,* Ana Caballero,* Anna Roglans,* and Anna Pla-Quintana*

Abstract: The trapping of the elusive vinylogous position
of a vinyl carbene with an aliphatic C(sp3)� H bond has
been achieved for the first time during a silver-catalyzed
carbene/alkyne metathesis (CAM) process. A Tpx-con-
taining silver complex first promotes the generation of a
donor-acceptor silver carbene which triggers CAM,
generating a subsequent donor-donor vinyl silver car-
bene species, which then undergoes a selective vinyl-
ogous C(sp3)� H bond insertion, leading to the synthesis
of a new family of benzoazepines. Density functional
theory (DFT) calculations unveil the reaction mecha-
nism, which allows proposing that the C� H bond
insertion reaction takes place in a stepwise manner, with
the hydrogen shift being the rate determining step.

The functionalization of C� H bonds by transition metal-
catalyzed reactions[1] represents an excellent alternative to
classical methods for the construction of C� C and C-
heteroatom bonds. The fact that no pre-functionalization of
the substrate is required represents a clear advantage,
although the ubiquity of C� H bonds in typical organic
molecules poses a major challenge in the control of the
selectivity. This is especially relevant in metal carbene

complex C� H insertion reactions (Scheme 1a),[2] that are not
assisted by a directing group[3] in the substrate. The site- and
stereoselectivity in these processes, apart from the strength
of the specific C� H bond, is mostly dictated by the metal-
catalyst and its surrounding ligands.
Vinylcarbene metal complexes, a fascinating subclass of

metal carbene complexes, are extremely powerful reagents
in cycloaddition reactions.[4] Furthermore, they have the
particularity of displaying electrophilic reactivity at the
vinylogous (or remote) position in addition to the typical
carbene position (Scheme 1b). Due to the intrinsically high-
er reactivity of the carbene site, selective reaction onto the
vinylogous one is synthetically very challenging. Pioneering
work in this area was disclosed by Davies at the beginning
of the 90s.[5a,b] Since then, only a very limited number of
examples have achieved insertion on the vinylogous site
either with activated C(sp2)� H bonds under rhodium
catalysis,[5c-f] or with X� H bonds (X=O, N, F) using various
metals.[6] Of note, works by Doyle[7a] and Harada and
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Scheme 1. The metal-catalyzed C� H bond functionalization by carbene
insertion: carbenic vs vinylogous reactivity.
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Nemoto[7b] have shown that silver carbenes are superior to
rhodium ones in promoting O� H and N� H vinylogous
insertion, respectively. However, the interception of the
vinylogous position with a C(sp3)� H bond remains yet
unknown.
The above examples for the generation of vinylcarbene

metal complexes are based in the transition metal-catalyzed
decomposition of vinyldiazoacetates (or related
arylsulfonylhydrazones).[8] An alternative route is the cata-
lytic carbene/alkyne metathesis (CAM, Scheme 1c),[9] first
reported by Padwa[10] and Hoye,[11] where a metal carbene
complex, generated from a diazo functionality, reacts with
an alkyne by transferring the carbene character to one of
the alkyne carbon atoms thus generating a vinylcarbene
metal complex. Construction of polycyclic frameworks can
be efficiently achieved through CAM cascades terminated
by various carbene reactions.[12,13] In this line, Hashmi[14a]

and Zhang[14b] studied the reactivity of α-oxo gold carbene
complexes with alkynes followed by an intramolecular
C(sp3)� H insertion on the carbenic position. On the other
hand, Doyle and Xu[15] reported in 2018 the synthesis of
chiral dihydroindole derivatives through a CAM cascade on
propargyl diazoacetates terminated by a site-selective intra-
molecular C(sp3)� H bond insertion on the carbenic site. By
modifying the ligands on the dirhodium complex, either a
primary C� H bond or a secondary benzylic C� H bond could
be selectively inserted (Scheme 1c).
Highly active silver catalysts containing trispyrazolylbo-

rate ligands have been described for the catalytic functional-
ization of low reactive carbon-hydrogen bonds, even for
those of methane, using diazo compounds as the carbene
source.[2d,e] In view of the lack of reports on the use of silver
for CAM-cascade transformations, together with the prece-
dents on the use of gold[16] for analogous transformations,
we decided to investigate the potential of those complexes
as catalysts for the transformation reported by Doyle and
Xu with rhodium (Scheme 1c). Herein we describe the
results showing that not only silver has been found to
promote such transformation but also that the silver donor-
donor carbene intermediate induces the trapping of the
vinylogous position with a methyl C� H bond, in the first
example of such remote interception.
We first run a series of experiments to test the catalytic

capabilities of three different silver complexes (Table 1),
employing the model substrate propargyl diazoacetate 1.[15]

Mixtures of up to four products were obtained, showing that
silver catalyzes the carbene/alkyne metathesis reaction,
which further undergoes C� H carbenic reactivity. The use of
Tp(CF3)2,BrAg(THF) (entry 1) resulted in the formation of a
mixture of the anti and syn diastereoisomers of the benzylic
C(sp3)� H insertion product 2, and a minor subproduct as
well that could not be fully identified due to the low yield.
Repeating the reaction at lower concentration of 1 (3.8 mM,
entry 2) increased the conversion and allowed the new
product to be characterized. To our delight, 1-benzoazepine
scaffold 4 was identified, after isolation and full nuclear
magnetic resonance (NMR) characterization (see Support-
ing Information), eventually resulting from an unprece-
dented primary C(sp3)� H bond insertion to the vinylogous

position of a vinyl silver-carbene intermediate. The other
two silver complexes tested showed activity but decreased
selectivity (entries 3 and 4). Moreover, they also induced the
formation of the product resulting from the insertion of the
carbene into the primary C(sp3)� H bond. Finally, the use of
simple silver salts such as AgBF4 and AgSbF6 promoted
complete consumption of substrate 1 in a very poor selective
reaction that did not provide compound 4, assessing the
relevance of the Tp(CF3)2,Br ligand in this catalytic reaction.
The novelty of this transformation does not only stand

on how it proceeds through vinylogous interception by an
aliphatic bond but also provides an alternative route to 1-
benzoazepine-containing molecules. Therefore, we decided
to optimize the synthesis of scaffolds analogous to 4 through
the CAM cascade that terminated with this uncommon
vinylogous C(sp3)� H addition reaction. Towards that end,
propargyl diazoacetate 5a was prepared and employed for
optimization of the reaction conditions, which were set at
using Tp(CF3)2,BrAg(THF) as catalyst, and running the reac-
tion at 35 °C in chloroform in the presence of powdered
molecular sieves (Scheme 2, see Supporting Information for
optimization studies). In this manner, the desired 1-
benzoazepine product 7a was synthesized in 71% yield with
a 1 :7.1 (6a :7a) selectivity. The structure of 7a was
confirmed by X-ray diffraction analysis[17] (Scheme 2),
assessing the structure assigned from NMR data (see
Supporting Information).
The substrate scope for this reaction under the optimized

conditions is shown in Scheme 3. Introduction of electron-
donating substituents in the phenyldiazo moiety led to
moderate yields of 7b–d. The presence of electron-with-
drawing halogen substituents in that ring not only decreased
the overall conversion but also switched the selectivity
towards the carbenic insertion product (vinylogous:carbenic

Table 1: Initial screening of silver-based catalysts for CAM-cascade
reactions.[a]

Entry Catalyst Yield [%] (2anti/2syn/3/4)

1[b] Tp(CF3)2,BrAg(THF) 45[d] (23/17/0/5)
2 Tp(CF3)2,BrAg(THF) 82[d] (39/22/0/21)
3 [TpBr3Ag]2 95 (35/21/18/21)
4[c] Tp*,BrAg(THF) 39 (14/8/17/0)

[a] Unless otherwise noted, reactions were carried out with 0.06 mmol
of 1 ([1]=3.8 mM), at room temperature in 16 mL of DCM for 1.5 h.
The yield was determined by NMR using 4-chlorobenzaldehyde as
internal standard. Product ratios determined by NMR. [b] Reaction
carried out at [1]=20 mM for 1 h. [c] Reaction run for 18 h. [d] Isolated
yield.
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ratio of 0.9 : 1 for 7e and 0.6 : 1 for 7f). On the contrary, a
very good efficiency and selectivity was observed for the
substrates with substituents in the dimethylaminophenyl
ring. The yields remain in the 58–69% interval, largely
favoring the vinylogous reactivity for substrates bearing
electron-withdrawing or electron-donating substituents ei-
ther in meta- (7g, 7h) or in para- (7 i, 7 j) relative position to
the dimethylamino moiety. Moreover, the reaction can be

scaled up to a 1 mmol scale with only a minimal decrease of
yield (see Supporting Information).
Since the formation of compounds 7 implies the migra-

tion of a hydrogen from the methyl groups of the dimeth-
ylamino fragment, we have prepared the corresponding
N(CD3)2 derivative 5a-d6 to assess the destiny of the initial
H(D). As shown in eqn 1, products 7a-d6 and 6a-d6 were
obtained in a 6.7 :1 ratio, similarly to that for the protio
derivatives (7.1 :1, Scheme 2). The deuterium originated
from the C� D cleavage was localized exclusively in one
position, in both compounds, with no scrambling into other
positions, a fact that must be considered for mechanistic
proposal (see below).

(1)

Scheme 4 shows the application of the different path-
ways proposed in the literature for CAM processes
catalyzed for different metals to our Ag-based system.
May[18] described the isolation and mechanistic relevance of
ring-fused cyclopropenes with rhodium catalysts (path I).
Some of us[12a] postulated the formation of a rhodium(I) η3-
vinylcarbene intermediate through a [π2s+π2a] addition that
subsequently evolves to the rhodium(I) η1-vinylcarbene, a
proposal also shared by Saá[19] in their intermolecular Ru-
catalyzed CAM cascade processes (path II, Scheme 4). Yu
and Xu[20] proposed a 5-exo-dig cyclization leading to a very
reactive zwitterionic vinyl cationic species that upon a Rh-
1,3-shift converts to the rhodium(II) η1-vinylcarbene (path
III). An analogous mechanism was also postulated by Xue[21]

under Rh2(OAc)4 catalysis. Under gold catalysis, Xu and

Scheme 2. Isolation and structural characterization of 1-benzoazepine
7a.

Scheme 3. Reaction scope.

Scheme 4. Plausible mechanistic pathways for the silver-catalyzed CAM.
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Hashmi[22] and Hu[23] independently reported cascade reac-
tions involving a CAM step postulated to occur through
nucleophilic addition of the diazo compound onto the gold-
activated alkyne followed by the expulsion of dinitrogen
(path IV).
On the basis of the plausible operation of several

pathways, a series of density functional theory (DFT)
calculations at the B3LYP-D3/Def2TZVP-SDD-SMD-
(CHCl3)//BP86-D3/Def2SVP-SDD level of theory using the
Gaussian16 software package were performed to unveil the
reaction mechanism for our silver-catalyzed CAM. Figure 1
shows the pathway leading to the silver carbene species F
resulting from the CAM process. Coordination of the silver
complex to the carbenic carbon of the diazo species is a
mildly endergonic step (3.7 kcalmol� 1) that is followed by
extrusion of nitrogen through transition state TS-BC with an
overall energy barrier of 11.9 kcalmol� 1 with respect to A
leading to the silver carbene C (� 16.2 kcalmol� 1), which
would be a common intermediate for the proposed paths I,
II and III (Scheme 4). The computed single-step path IV
barrier was calculated to be 15.9 kcalmol� 1, therefore it was
discarded (see section S10 of the Supporting Information for
a complete discussion on discarded paths). From carbene
species C, the nucleophilic attack of the alkyne onto the
carbenic carbon on a 5-exo-dig cyclization leads to the
zwitterionic vinyl cationic species D in a barrierless
exergonic process.[24] At this stage, the formation of the ring-
fused cyclopropene (path I) was computed requiring a
kinetic effort of 31.5 kcalmol� 1. In addition, the possibility
of a direct hydride transfer to the vinyl cation[25] was

considered showing an energy barrier of 12.6 kcalmol� 1.
Those paths were disregarded given the barrierless nucleo-
philic attack of the negatively charged silver atom to the
carbocation, leading to silver η3-vinylcarbene E, that rear-
ranges to the almost isoenergetic silver η1-vinylcarbene F.
Overall, the formation of silver η1-vinylcarbene F is very
exergonic (� 65.7 kcalmol� 1) and does proceed through a
new pathway that combines previously postulated paths II
and III.
Next, the silver carbene insertion into the C� H bond was

computed. This insertion generally occurs in a concerted
although sometimes asynchronous manner (formation of the
new C� H takes place earlier than formation of the C� C
bond).[26,27,28] All attempts to locate the concerted C� H
insertion from intermediate F in our system failed. Alter-
natively, a stepwise C� H insertion mechanism involving a
zwitterionic intermediate was found (Figure 2), analogous to
the mechanism reported by Shaw for the C� H insertion of
donor/donor dirhodium carbenes.[29] Indeed, from silver
vinyl carbene F a hydride shift surpassing an energy barrier
of 18.0 kcalmol� 1 leads to zwitterionic intermediate G in a
slightly exergonic process (ΔG= � 4.0 kcalmol� 1), in the rate
determining step of the overall process. An SE2

[30] C� C
bond-closing step takes place from G through TS-GI with an
energy barrier of 10.9 kcalmol� 1 leading, upon silver decoor-
dination, to I, the carbenic C� H insertion product 6. On the
other hand, intermediate G may also undergo electrophilic
substitution reaction at the γ carbon atom (in an SE2’
reaction or bimolecular electrophilic substitution reaction
with rearrangement) (Figure 2). This reaction has a lower
energy barrier of 10.5 kcalmol� 1, although leads to the less
thermodynamically stable product H, corresponding to the
vinylogous C� H insertion product 7, which thus corresponds

Figure 1. Gibbs energy profile (in kcalmol� 1) of the silver-catalyzed
CAM reaction ([Ag]=Tp(CF3)2,BrAg).

Figure 2. Gibbs energy profile (in kcalmol� 1) of the silver-catalyzed
C� H insertion step, showing the carbenic and vinylogous competing
reactivity ([Ag]=Tp(CF3)2,BrAg).
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with the kinetic product of the reaction. Both pathways are
in agreement with the observations from the deuterium-
labelling experiment (eq 1).
To get more insight into the experimental ratio of

products that inserted the C(sp3)� H in the vinylogous (7)
and carbenic (6) positions (Scheme 3), some additional DFT
calculations were performed. Intermediate G and transition
states TS-GI and TS-GH were computed for compounds
featuring Me, OMe, Ph, F and Br in para position in the
phenyldiazo ring and compared to H. Computational results
were in perfect agreement with experimental data, as they
predicted a preference for the formation of the vinylogous
product for substrates bearing H, Me, OMe, and Ph (ΔΔG�

values of 0.4, 0.9, 1.4, and 1.3 kcalmol� 1 were obtained,
respectively). The F-containing substrate that experimen-
tally led to an almost equimolecular mixture of 7e and 6e
led to a value of 0.0 kcalmol� 1, while for Br that exper-
imentally favored the carbenic 6f over the vinylogous 7f
insertion, a kinetic barrier difference of � 1.2 kcalmol� 1 was
computed. The kinetic preference for the vinylogous
addition is explained by the fact that the vinylogous carbon
is sterically less hindered than the carbenic one both in
intermediate G and in transition states TS-GH and TS-GI.
This is demonstrated by an 8.0% lower buried volume (%
VBur)

[31] of the vinylogous carbon compared to the carbenic
one in the case of intermediate G and a further 3.9% in the
subsequent TSs (see Supporting Information for details).
In conclusion, we have developed a silver-based catalytic

system for the carbene-alkyne metathesis, which provides
the unique unprecedented feature of the interception of the
vinylogous position with a C(sp3)� H bond. The work shows
that development of CAM cascades is a powerful method to
access intermediate vinylcarbene metal complexes with
otherwise inaccessible substitution patterns and unparalleled
reactivity. Furthermore, the combination of experimental
and computational techniques was key to reveal the
mechanism and especially that the C(sp3)� H bond intercep-
tion occurs through a stepwise, hydrogen shift pathway, at
variance with previously described silver-catalyzed C� H
functionalization by carbene insertion reactions. The discov-
ery of silver as catalyst for the new vinylogous reactivity
observed toward alkylic C� H bonds, along with the venue of
a stepwise mechanism, opens a new perspective in CAM-
cascade-C� H activation reactions.
Supporting Information: all procedures and character-

ization data, computational data, and Cartesian coordinates
of the optimized structures (PDF).
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