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Theoretical study on the mechanism of Ag-catalyzed synthesis of
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Ag-carbene pathway?†
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The mechanism of the title reaction is found to consist of three steps by DFT calculations: (1) N2

dissociation, (2) intramolecular Ag-carbene addition, and (3) proton transfer. The N2 dissociation is
turnover determining. The product 3-alkylideneoxindole is favored in tautomerization with
3-acetyl-2-hydroxyindole.

Introduction

Transition metal-catalyzed carbene insertion of α-diazocarbonyl
compounds into C–H bond is an important method for construc-
tion of new C–C bonds in organic synthesis.1 Although Rh and
Cu are the most widely used catalysts for carbene insertion into
C–H bonds, Ag complexes have also been found as efficient cat-
alysts with alternative selectivities.2,3 Intermolecular C(sp3)–H
insertions of tert-butanes using α-diazo ester precursors cata-
lyzed by Ag with scorpionate ligands were reported.4–6 More
recently we reported an Ag-catalyzed synthesis of 3-alkylide-
neoxindoles from diazo compound 1 via intramolecular C(sp2)–
H insertion (Scheme 1, eqn (1)).7 This reaction provides a
simple and environmentally benign method to prepare various
3-alkylideneoxindoles which constitute an important class of
pharmocophores and metabolic intermediates.8–12 Previously the Rh-
catalyzed cyclization of 1 was reported to produce 3-acetyl-2-
hydroxyindole 3 (Scheme 1, eqn (2)).13,14 However, compound
3 is in fact the same as 2 according to the detailed NMR study in
ref. 7. The structural assignment of 3 in ref. 13 and 14 is wrong.
Comprehension of the mechanism of eqn (1) may help design
methods to improve the efficiency and selectivity of Ag-cata-
lyzed carbene insertion reaction of various diazo compounds.

The Ag-catalyzed C–H insertion of diazo compounds usually
proceeds via two possible pathways. In one pathway, Ag pro-
motes N2 dissociation to form Ag-carbene and then Ag-carbene
inserts into the C–H bond (Scheme 2, Path I).15–17 In the other
pathway, Ag facilitates the dissociation of N2 as a Lewis acid
and generates a free carbene to functionalize the C–H bond
(Scheme 2, Path II).18–22 Currently there is little knowledge

available to distinguish the above two pathways. Typical Lewis
acids such as FeCl3, TiCl4, BF3·Et2O, and SnCl4 can also cata-
lyze eqn (1) (albeit in lower yields), indicating that a Lewis acid
pathway for Ag catalyst is reasonable.7 On the other hand,
α-methoxycarbonyl Ag-carbene was detected by mass spec-
trometry as an intermediate in the decomposition of diazomalo-
nates in gas phase.15 Furthermore, a Rh-carbene mechanism was
suggested to be feasible in eqn (2) in Scheme 1.13 Thus the inter-
mediacy of Ag-carbene cannot be ruled out. To differentiate the
two pathways in Scheme 2, the detailed mechanism should be

Scheme 1 Indole synthesis from 1.

Scheme 2 Ag-carbene and Lewis acid pathways of eqn (1).
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elucidated. In addition, some other mechanistic questions also
need to be answered. For example, how does the Ag complex
combine with the substrate and promote N2 dissociation? Is the
C–C formation step carbene insertion or electrophilic substi-
tution? Which step is turnover determining? In order to address
above questions, it is necessary to know the structures and ener-
gies of key intermediates and transition states of eqn (1). These
data can be readily obtained by using modern computational
chemistry tools.23–32

As our continued efforts to theoretically elucidate the mechan-
ism of transition metal-catalyzed reactions,33,34 we conducted a
detailed computational study on the Ag-carbene pathway and the
Ag Lewis acid pathways. The feasible catalytic pathways and the
turnover determining step were determined.

Results

N2 dissociation

N2 dissociation of 1 produces an Ag-carbene or free carbene
which is ready for intramolecular cyclization (Scheme 3). Free
substrate 1 and AgOTf are chosen as the reference of free energy
calculations of the catalytic cycle. 1 may coordinate to AgOTf
with the α-carbon to form IN1A, with both the diazo group and
one carbonyl to form IN1B, or with two carbonyl groups to
form IN1C. We assume that the three complexes IN1A, IN1B,
and IN1C are in fast equilibrium through dissociation and associ-
ation of 1 to AgOTf. The free energy of IN1C (−6.4 kcal mol−1)
is the lowest among these three complexes (Fig. 1). Nevertheless,
all transition states of N2 dissociation from IN1A, IN1B, and
IN1C need to be considered because an intermediate with higher
energy does not necessarily lead to a transition state with a
higher activation barrier (Curtin–Hammett principle).

The transition state of N2 dissociation from IN1C is located as
TS1C with an activation barrier of +33.3 kcal mol−1 relative to
IN1C. The silver stabilized free carbene IN2B is produced with
a free energy of +3.2 kcal mol−1 (Fig. 1). The N2 dissociation of
IN1B also produces IN2B via TS1B with an activation barrier
of +31.7 kcal mol−1 relative to IN1C. IN2B is a highly reactive
singlet free carbene stabilized by the coordination of two

carbonyls to AgOTf; however, the activation barrier of TS1B or
TS1C is too high as compared to the barrier of TS1A. Thus N2

dissociation via TS1A is favored. In addition, the transition state
of uncatalyzed N2 dissociation from 1 is also located as TS1D
which has an activation barrier of +34.9 kcal mol−1. This is
much higher than TS1A.

TS1A produces the Ag-carbene complex IN2A with a free
energy of −9.2 kcal mol−1, which is 12.4 kcal mol−1 lower than
IN2B. The LUMO orbital of IN2A is mainly localized on the
carbene carbon (Fig. 2), indicating that IN2A is an electrophilic
Fischer carbene. The bond dissociation energy (BDE) of the
Ag–C bond of IN2A is 33.7 kcal mol−1. This metal-carbene
BDE is significantly lower than those of early transition metal
carbenes such as [(CO)5M(CH2)] (M = W, Cr)35,36 and N-hetero-
cyclic (NHC) Ag-carbenes.37 The low BDE is consistent with
the calculated bond order of Ag–C bond which is 0.49 (NBO) or
0.25 (Mulliken). Frenking et al. reported that the Ag–C bond of
NHC-Ag carbene is mainly composed of electrostatic attraction
(∼65%) and π back bonding (∼20%).37 The relatively weak
Ag–C bond of IN2A is presumably due to the weaker σ donating

Scheme 3 Pathways of N2 dissociation.

Fig. 1 Free energy profile of N2 dissociation (kcal mol−1).

Fig. 2 Molecular orbitals for key intermediates (hydrogen atoms are
omitted for clarity, contour value = 0.03).
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ability of the carbene moiety of IN2A as compared to NHC
carbene. The π back bonding in IN2A is rather low (see the
LUMO of IN2A in Fig. 2). Low π back donation was also pre-
viously observed in the α-methoxycarbonyl Rh-carbene
complex.31

In TS1A, the positive charge on N2 decreases from +0.21
(IN1A) to +0.16, and the charge of OTf ligand decreases from
−0.55 to −0.57. Thus a ligand with a weak ability to accommo-
date negative charge, i.e. low polarizability, should retard the N2

extrusion step. This is consistent with experimental observations
that AgOAc or Ag2CO3 are not viable catalysts for the title reac-
tion because the polarizability of a ligand is generally negatively
correlated with its basicity.38

Cyclization

A careful search for an Ag-carbene insertion transition state in
which the new C–C bond and C–H bond are formed simul-
taneously was not successful (Scheme 4, TS2B). Thus a carbene
addition pathway is proposed for the cyclization of IN2A. A

new C–C bond is formed via TS2Awith an activation barrier of
only 5.7 kcal mol−1 relative to IN2A (Fig. 3). The HOMO − 1
orbital of IN2A mostly consists of the π-type orbital of the
phenyl ring. Thus the C–C bond formation in TS2A is due to
the interaction between the LUMO and the HOMO − 1 orbitals
of IN2A, which is observed in the HOMO − 1 orbital of TS2A
(Fig. 2). The C–C bond formation step is highly exergonic by
−30.7 kcal mol−1. A Rh complex similar to IN3Awas also pro-
posed to account for C–C bond formation in Rh-catalyzed syn-
thesis of 2(3H)-indolinones from N-aryldiazoamides14 and
in Rh-catalyzed intramolecular carbenoid insertion of
biaryldiazoacetates.39

The H atom on the substituted C of the phenyl ring of IN3A
is prone to undergoing proton transfer to the acetyl group. The
transition state is located as TS3A with an activation barrier of
9.1 kcal mol−1 relative to IN3A. The H atom of IN3A could not
directly transfer to the O of the amide group because of rigidity
of the ring. This indicates that the product of eqn (1) is not 3 but
2 (see below for further discussion). The proton transfer step is
exergonic by 29.8 kcal mol−1. The formation of a stable alkyli-
deneoxindole is the major driving force of the proton transfer
step. Substitution of IN4A by reactant 1 produces the final
product 2 and IN1C to begin a new catalytic cycle.

The C–H functionalization process is similar to electrophilic
substitution of aromatic compounds. Doyle et al. proposed a
similar mechanism for eqn (2) in Scheme 1.14 This mechanism
is different from Ag or Rh-catalyzed C–H bond activation of
alkanes where the carbene directly insert the C–H bond to form
the new C–C and C–H bonds in one step.16,31

The overall catalytic cycle of the title reaction consists of three
main steps, N2 dissociation, intramolecular Ag-carbene addition,
and proton transfer (Fig. 3). TS1A is the turnover determining
transition state and IN1C is the turnover determining intermedi-
ate, according to the energetic span model.40 The energetic span
of the catalytic cycle is +25.5 kcal mol−1 which is reasonable for
a reaction proceeding at 100 °C.41 The activation barriers of
Ag-carbene addition and proton transfer are relatively low. Thus
the electronic effect of substituents on the phenyl ring is not
observed in the experiment.7 The overall catalytic reaction is
highly exergonic with a reaction free energy of −73.3 kcal mol−1.

Discussion

Catalytic pathway of free carbene IN2B

Other Lewis acids can also catalyze the cyclization of 1 with
lower yield. Thus the cyclization pathway of free carbene with
AgOTf as Lewis acid is examined in this section (Fig. 4). The
activation barrier of N2 dissociation (TS1C) is +33.3 kcal mol−1.
TS2C is located as the transition state of carbene insertion. The
activation barrier of TS2C is only 2.4 kcal mol−1 higher than
IN2C. The product of TS2C is IN3B, with a reaction free
energy of −43.7 kcal mol−1. The high activation barrier of N2

dissociation makes the cyclization of free carbene much less
efficient than the Ag-carbene pathway.

Direct production of IN2B from IN1C is not feasible as
shown in Fig. 4. The other possible pathway to generate IN2B
may be the isomerization of IN2A. Indeed, TS4 is located as the

Scheme 4 Pathways of cyclization from IN2A.

Fig. 3 Free energy profile of the overall catalytic cycle (kcal mol−1).
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transition state for the isomerization between IN2A and IN2B
(Fig. 5). However, the barrier of TS4 is 11.2 kcal mol−1 higher
than that of TS2A. Thus the cyclization pathway of free carbene
is still not favored compared to Ag-carbene pathway.

Tautomerization of compounds 2 and 3

The product of eqn (1) in Scheme 1 is alkylideneoxindole 2 not
3. One reason is that the proton of IN3A could only transfer to
the terminal carbonyl due to steric rigidity. Here it is found that
2 is favored in fast equilibrium with 3 via intramolecular proton
transfer. The transition state of tautomerization is TS5 with an
activation barrier of only +1.9 kcal mol−1 (Fig. 6). The transfer-
ring H and the two carbonyls are coplanar with H arranged
between two oxygens. Thus 2 should be the only observed
product in both eqn (1) and (2). This provides further support for
the correct structural assignment in ref. 7.

Conclusions

Ag-catalyzed intramolecular cyclization of N-aryl-α-diazoamide
is a simple and environmentally benign method for the synthesis
of 3-alkylideneoxindoles. In this report, a catalytic pathway
involving Ag-carbene complex (IN2A) is found to be feasible.
The mechanism consists of three main steps, i.e. N2 dissociation,
Ag-carbene addition, and proton transfer. The N2 dissociation
step is turnover determining with an activation barrier of
+25.5 kcal mol−1. In addition, product 2 is favored in the equili-
brium with 3. Thus 2 should be observed in eqn (1). This is con-
sistent with experimental reports.
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