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ABSTRACT: A combined DFT and experimental study was performed
to reveal the mechanism of isocyanide-alkyne cycloaddition. Our results
indicate that the mechanism of this valuable reaction is an unexpected
multicatalyzed radical process. Ag2CO3 is the pivotal catalyst, serving as
base for the deprotonation of isocyanide and oxidant to initiate the initial
isocyanide radical formation. After the cycloaddition between isocyanide
radical and silver-acetylide, substrate (isocyanide) and solvent (dioxane)
replace the role of Ag2CO3. They act as a radical shuttle to regenerate
isocyanide radical for the next catalytic cycle, simultaneously completing
the protonation. Furthermore, the bulk solvent effect significantly
increases the reactivity by decreasing the activation barriers through the
whole reaction, serving as solvent as well as catalyst.
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■ INTRODUCTION

Pyrrole and their derivatives have wide applications in the fields
of material sciences,1 agrochemicals,2 natural products,3 and
pharmaceuticals.4 Consequently, methods to synthesize hetero-
cycles, such as pyrroles, have attracted increasing interest in
organic chemistry.5 The application of transition-metal-
catalyzed C−H bond activation has revolutionized this field.6

However, synthetic methods reported so far largely depend on
elaborately designed substrates that are not readily available.
Recently, silver-catalyzed synthetic methods of electron-with-
drawing compounds and nonactivated terminal alkynes to
access pyrroles have evolved as an effective strategy.7−9 In
particular, the Lei group7 and the Bi group,8 our co-workers,
have separately discovered the unique catalytic activity of
Ag2CO3 capable of efficiently catalyzing the isocyanide10,11-
alkyne cycloaddition to pyrroles (Scheme 1). This discovery

has addressed a long-term challenging issue that nonactivated
terminal alkynes cannot take part in this [3 + 2] cycloaddition,
thus establishing a fundamental reaction. However, the exact
reaction mechanism remains unclear. Furthermore, the
computational investigations on the silver-catalyzed reactions
are still rather scarce hitherto. Therefore, we herein devote our
efforts to uncover the reaction mechanism by combined DFT
and experimental studies.
Two possible radical-free mechanisms including the 1,1-

insertion of isocyanide to C−Ag bond and the cycloaddition of
silver-acetylide with silver-isocyanide, were proposed by the Bi8

and Lei groups,7 respectively (Scheme 1). Neverthless, a careful
inspection of the structure for substrate ethyl isocyanoacetate
(1) suggests that the Cα is connected by two electron-
withdrawing −NC and carbonyl groups, thereby the Cα is
highly activated.10 Hence, the Cα easily becomes a radical, and
this [3 + 2] cyclization reaction may proceed through a radical
mechanism wherein substrate 1 is a potential radical source. To
certify this speculation, we conducted experiments with radical
scavengers such as BHT (3,5-ditert-butyl-4-hydroxytoluene)
and TEMPO ((2,2,6,6-tetramethyl-piperidin-1-yl)oxyl) under
standard conditions (Table S1). No reaction occurred, and only
2 and solvent were detected by TLC, indicating that 1
completely disappeared. To exclude the possibility of scavenger
reacting with Ag(I) salt, we conducted 1H NMR spectroscopy
analyses for pure BHT before or after adding Ag2CO3. No
obvious shift was observed for the characteristic peaks of BHT
after adding Ag2CO3, suggesting that BHT has no effect on the
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Scheme 1. Mechanistic Proposals for Ag2CO3-Catalyzed
Isocyanide-Alkyne Cycloaddition
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catalytic activity of Ag2CO3 in the current reaction.
Furthermore, a thin silver mirror on the wall of the reaction
vessel was observed under the standard reaction conditions (see
SI-i). Thus, these results confirmed that the reaction proceeded
through a radical process in which 1 is the potential radical
source. As expected, the radical mechanism was subsequently
further confirmed by our computational calculations, which is
more favorable than the radical-free ones previously proposed
by Lei7 and Bi groups.8 Previously, a similar radical mechanism
for the formation of furans was reported by Stirling et al.,12

wherein Ag2CO3 is stoichiometric, and the formation of radical
is a silver-consumed process. However, Ag2CO3 is in a catalytic
amount in the current reaction, thus implying other species
may act as radical shuttle following the initial radical formation
by Ag2CO3. Consequently, several key questions were
proposed as follows: (a) is it possible for substrate or solvent
1,4-dioxane13 (S) to initiate radical formation? (b) what is the
effective catalyst in the catalytic cycle, single or multiple? and
(c) which specie provides the proton for protonation and/or
H-shift: AgHCO3 or extra assistant,14 such as substrate,15

solvent,16 or trace water?17 Timely mechanistic rationalization
would help exploit the potential of such silver-catalyzed
multicomponent synthetic methodologies. Therefore, we
performed a DFT study to investigate the detailed reaction
mechanism, considering the aforementioned questions.

■ COMPUTATIONAL DETAILS

All calculations were performed using Gaussian 09 package.18

Geometries were optimized using B3LYP19 density functional
with a basis set of LANL2DZ + f (1.611)20 for Ag and 6-31G
(d, p) basis set for other atoms in gas phase considering
calculation cost and practical possibility for the size of
investigated system. Single-point energies were calculated
with M0621/SDD-6-311++G (d, p),22 which was generally
considered to be more accurate for Ag-containing reaction and
could give reasonable agreement with higher-level calcula-
tions.23 Calculations for radical species employed the
unrestricted open-shell computational method, and the
resultant relative errors of spin contamination were less than
3.2% in the current study. Frequency calculations at the same
level were performed to verify the stationary points to be real
minima or saddle points and to obtain thermal energy
corrections at 353.15 K. Intrinsic reaction coordinates
(IRC)24 were carried out to verify whether the optimized
transition state (TS) structures connected the correct reactant
and product or not on the potential energy surface. Solvent
(1,4-dioxane) effects were calculated by using the new SMD
solvation model.25 All charge distributions were calculated by
Natural Bond Orbital (NBO) analysis.26 The strength of
intermolecular interactions was evaluated using the topology
analysis techniques by Multiwfn27 software. Computed
structures are illustrated using CYLView28 and nonessential
hydrogen atoms are omitted for clarity. All energies reported
here are in kcal/mol, and bond lengths are in angstroms (Å).

■ RESULTS AND DISCUSSION

As displayed in Scheme 2, the calculated results indicate that
the cycloaddition of 1 and phenylacetylene (2) is a stepwise
process involving (I) the deprotonation followed by oxidation
of isocyanide by Ag2CO3 to form isocyanide radical 4 (in
yellow), (II) the intermolecular cycloaddition between 4 and
silver-acetylide (in pink), (III) the concerted protonation and

regeneration of isocyanide radical (in olive), and finally (IV)
the H-shift leading to an aromatic pyrrole as product (in
violet). The rate-determining step (RDS) is the first C2−C4
bond formation with a free-energy barrier (ΔΔG‡) of 10.2
kcal/mol in process II.
For process I, two types of mechanisms were investigated for

the formation of 4 initiated by 1 and S with Ag2CO3,
considering unassisted (path I-1/2) and various numbers of
solvent-assisted (denoted as nS-assisted, n = 1−3, path I-1/2-
nS) processes, respectively (Figures 1 and 2). For the initiation
by 1 case, computed results indicate that nS-assisted pathways
(path I-1-nS) are more favorable than the unassisted one (path
I-1), and the 3S-assisted (path I-1-3S) is the most favorable
process. In this process, two S molecules coordinate to Ag1 and
another one to Ag2 (Figure 1, in black), meeting the four-
coordinated Ag ions.29 The reaction starts from the
deprotonation of substrate 1 by Ag2CO3 acting as base with
3S assistant. H1 of 1 transfers from Cα to O1 of Ag2CO3 with a
ΔΔG‡ value of 7.7 kcal/mol via a six-membered transition state
TS(1−3)-3S to form zwitterionic intermediate 3−2S and
AgHCO3-S. The further oxidation of isocyanide anion of 3−2S
by Ag+ ion yields isocyanide radical 4 and Ag-2S exothermically.
This is in good accordance with the experimental observation
of silver mirror phenomenon (SI-i). As shown in Figure 1, the
formation of 4 is kinetically and thermodynamically favorable.
The relative free energy (ΔG) of TS(1−3)-3S is −9.7 kcal/mol
lower than those of TS(1−3) and other TS(1−3)-nSs by 22.7
and 1.9−8.5 kcal/mol, respectively. The coordination of S
significantly stabilizes the structure of TS(1−3)-3S via Ag···O
coordinations and C−H···O intermolecular hydrogen bonds,
thus dramatically improves reaction activity.
For solvent S as the radical initiator to generate 4 case, the

ΔG value of starting material (S + Ag2CO3) is set as the
reference zero of the energy herein. The location of transition
states for the deprotonation of S shows similar observation as
initiated by 1 case that Ag prefers to be four coordinated and
TS(S−S•)-3S is the most favorable one by 19 and 4.1−5.9
kcal/mol compared with TS(S−S•) and other TS(S−S•)-nSs.
Along with the release of AgHCO3, assistant S, and silver atom
by self-redox, S•30 is located on 3.2 kcal/mol of relative free
energy. In the next step, S• forms a complex with substrate 1
(S• + 1) that proceeds through a transition state TS(S•−S)
with a ΔΔG‡ value of 6.0 kcal/mol to yield radical 4 and S
exothermally. Considering the reaction temperature (353.15
K), the value for the deprotonation of S lies in the acceptable

Scheme 2. Catalytic Cycle of the Favorable Radical
Mechanism for the Title Reaction
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range (ΔΔG‡ = 25.5 kcal/mol). Notably, S• can easily initiate 1
to form 4 via TS(S•−S) with a low ΔΔG‡ value of 6.0 kcal/
mol. Thereby, process I can be promoted dramatically by bulk
solvent, in which S plays as not only solvent but also catalyst.
The comparison of the free energies shown in Figures 1 and 2
suggests that the generation of radical 4 initiated by 1 with
Ag2CO3 is predominant. It is attributed to the fact that Cα atom
of 1 is connected by two strong electron-withdrawing groups −

NC and carbonylthose strengthen the acidity/dissociation of
Cα−H.
In the following intermolecular cyclization process II, three

possible pathways are examined: radical 4 reacts with silver-
acetylide 5 in S-assisted (path II-1)/unassisted (path II-2)
pathways or phenylacetylene 2 (path II-3) to provide the five-
membered cyclic intermediate 10 or 11. The DFT-computed
Gibbs free-energy profile of the most favorable path II-1 is

Figure 1. DFT-computed free-energy (ΔGsol, in kcal/mol) profile for the formation of 4 initiated by 1 with Ag2CO3 in unassisted (path I-1) and 3S-
assisted (path I-1-3S) pathways.

Figure 2. DFT-computed free-energy (ΔGsol, in kcal/mol) profile for the formation of 4 initiated by S with Ag2CO3 in unassisted (path I-2) and 3S-
assisted (path I-2-3S) pathways.
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shown in Figure 3, with two molecules of S coordinating with
Ag, and those of paths II-2/-3 are presented in Figure S4. These
three pathways are a stepwise C−C bond formation process
and C2−C4 bond forms preferentially than C1−C3 bond, via
transition states TS(6−8)′/TS(6−8)/TS(7−9) and TS(8−
10)′/TS(8−10)/TS(9−11) with the ΔG values of −20/−7.8/
5.9 and −25.3/−9.5/−4.9 kcal/mol. The computed results
indicate that the reaction of 4 with 5 is more preferred than that
with 2 by 25.9 and 13.7 kcal/mol respectively, which agrees
well with the experimental observation of substantial 5.
Obviously, path II-1 is the most kinetically and thermodynami-
cally favorable, delivering Ag-containing intermediate 10
coordinated with two S molecules. This can be attributed to
the following reasons: (1) the complex 6′ is more stable than 6
and 7 by 9.8 and 25.3 kcal/mol respectively, (2) the effective
secondary orbital interaction of the reaction site (C2−C4) and
the electronic delocalization in HOMO−1 of TS(7−9) are
weaker than those in TS(6−8)′ and TS(6−8) (Figure 3), (3)
the negative charge on C4 (−0.192e/−0.208e/−0.067e) in
TS(6−8)′/TS(6−8)/TS(7−9) indicates the strong nucleo-
philic ability of C4 in Ag-containing pathway, (4) the bond
length of C2−C4 in TS(6−8)′ is shorter than those in TS(6−
8) and TS(7−9) (Figure 3). Hereby, we only discuss the Ag-
containing pathway in the following processes III and IV.
For process III, the reaction follows two alternative pathways

paths III-1 and III-2 from intermediate 10. As depicted in
Scheme 3, path III-1 undergoes protonations of C1 and C3

radicals by AgHCO3 (10 → 13) and 1/S (13 → 16),
respectively. Intermediate 10 combines with AgHCO3 to form
adduct 12. The conversion of 12 to 13 is a concerted process
via a seven-membered cyclic TS(12−13) (−47.7 kcal/mol),
including the hydrogen migrates from AgHCO3 to C1 radical
with simultaneously Ag transfers from C3 to carbonyl oxygen
atom, which is fully consistent with experimental finding.8 The
spin density on C1/C3 changes from 0.95/0.03 of 12 to
−0.07/0.92 of 13 in the protonation of C1, confirming the
radical site transfers from C1 to C3 and the catalyst Ag2CO3
regenarates. Two pathways are considered in the protonation
step of C3 radical by substrate 1 (path III-1a, 14 → 16) or
solvent S (path III-1b, 15 → 16). Path III-1a (TS(14−16)) is
slightly more favorable than path III-1b (TS(15−16)) by the
relative free energy being 3.7 kcal/mol. This is the result of the
stronger reactivity of Cα−H in 1. Therefore, these two
pathways are competetive processes. Then the intermediates
16 and S• are formed, and radical 4 is regenarated. As
mentioned earlier, S• could react with 1 to obtain 4 and S.
Besides, radical 4 could initiate 1 through self-initiation with
ΔΔG‡ value of 14.5 kcal/mol (Scheme S1). In path III-2, we
investigated two pathways for the protonation of C1 radical
with 1 (path III-2a) and S (path III-2b). Similar with path III-1,
path III-2b (TS(19−20)) is slightly disfavored (1.8 kcal/mol)
than path III-2a (TS(18−20)). Then C3 atom is protonated by
AgHCO3 via TS(21−16) with ΔG value of −47.3 kcal/mol to
afford 16. The comparison of the energy profile for paths III-1

Figure 3. HOMO−1s of TS(6−8)′, TS(6−8), and TS(7−9) for C−C bonds formation (pink ellipse).

Scheme 3. Key Intermediates and Transition States along with Relative Free Energies (ΔGsol, in kcal/mol) of Path III-1/III-2 in
Process III (Distances Are in Å)
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and III-2 suggests that path III-1 is dominant. Furthermore, the
quantity of substrate 1 decreases as the reaction progresses;
however, the bulk solvent can be recycled in the radical transfer
process. Thereby, both 1 and S behave as radical/proton shuttle
and catalyst in the concerted pronation and radical regenaration
process III, facilitating the radical transfer extensively. To
further optimize the reaction channel, we focused on path III-1
to inverstigate S-assisted paths III-1a′ and III-1b′ from
intermediate 10. As displayed in Figure 4, similar to previous
results in processes I and II, the presence of S coodinating to
Ag improves the reactivity by decreasing the activation barrier
from 9.7 (12 → TS(12−13)) to 8.1 kcal/mol (12′ → TS(12−
13)′) for the protonation of C1 radical.
The last process IV is the H-shift to generate the final

product pyrrole. Herein the direct [1, 5]-H shift from Cα to N
atom via TS(16−Pr) is kinetically unfeasible with high ΔΔG‡

value of 30.7 kcal/mol. Considering the experimental fact that
dioxane and isocyanide are the optimal solvent and a strong
polar substrate, as well as trace water in the system, we
investigated three possible pathways catalyzed by S (path IV-1),
1 (path IV-2), and water W (path IV-3), with varing numbers
of participants 1−3, respectively. Nine models of complexation
conformers are considered for 2−3 S/1-assisted cases (four
conformations were found to be the most stable ones for
different number of S and 1; their structures and corresponding
energies are presented in Figure S7). Each computed most
stable complex is treated as the reference, respectively (Figures
S6 and 5). Our calculated results suggest that each three-
molecule cluster catalyst is the most favorable in reducing the
barrier of [1, 5]-H shift process among combined clusters31

(Figure 5, Table S3). The S-assisted H-shift is a stepwise
deprotonation (via TS(19c−19c′)) followed by protonation
(via TS(19c′−Pr)) process, while 1-assisted H-shift occurs
reversely, i.e., protonation (via TS(18c−18c′)), followed by the
deprotonation (via TS(18c′−Pr)) process. However, the

corresponding W-assisted one is a concerted step via seven-
membered ring TS(17c−Pr), which is less favorable than 1-
and S-assisted ones by 1.6 and 5.4 kcal/mol, respectively.
Therefore, the S-assisted H-shift process is the most favorable
one among these three-molecule-cluster-catalyzed pathways.
The optimized structures of the key transition states are shown
in Figure 6. This can be explained by the enhanced interactions
(C−H···O, C−H···π, and C−H···N) and less ring strain of six-
membered ring of TS(19c−19c′). The detailed investigation of
the last H shift process effectively clarifies the hydrogen source
of N atom from Cα−H assisted by S serving as solvent and
catalyst. Hence, solvent S and substrate 1 also act as catalysts
and efficiently promote the whole reaction. We have
recalculated the Gibbs free energies employing M06/SDD/6-
311++G**/SMD method for optimizations of the rate-
determining step (6′ → TS(6−8)′). Compared with the
results at the M06/SDD/6-311++G**(SMD)//B3LYP/
LANL2DZ/6-31G level, the difference of activation barriers
for RDS is 0.3 kcal/mol approximately (ΔΔG‡ value for single
calculation is 10.2 kcal/mol and that for the optimization is 9.9
kcal/mol), suggesting the current calculation level is reasonable
and applicable in the current Ag-containing system.
For comparison, we carried out calculations at the same level

of theory to explore the radical-free mechanisms proposed by
Bi and Lei groups (Scheme 4, see details in SIiii-v). The
calculated results indicate that the detailed reaction mechanism
(M-I) proposed by Bi et al. mainly consists of five steps: the
formation of silver−acetylide, isocyanide insertion to C−Ag
bond, proton abstraction followed by intramolecular cycliza-
tion, H-shift, and protonation. Herein, RDS is the new C−C
bond formation with a ΔΔG‡ value of 29.8 kcal/mol at the
isocyanide insertion step (TS2−I). For Lei’s work, the reaction
mechanism (M-II) involves the formation of silver-isocyanide
and silver-acetylide simultaneously, intermolecular cyclization
of the above two silver complexes, protonation, and H-shift.

Figure 4. DFT-computed free-energy (ΔGsol, in kcal/mol) profile for the most favorable pathway of processes II−III.
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RDS is the second protonation via TS6−II with a ΔΔG‡ value
of 40.3 kcal/mol. The inspection of the activation barriers of
RDS for three investigated mechanisms clearly demonstrates
that the ΔΔG‡ value of TS(6−8)′ of radical mechanism is the
most favorable one by 19.6 and 30.1 kcal/mol compared to
radical-free mechanisms TS2−I and TS6−II, respectively.
Therefore, our computational results presented here may help

elucidate the mechanism of such silver-catalyzed coupling or
cyclization reactions.

■ CONCLUSION

In summary, we have performed DFT calculations and
experiments to explore the detailed mechanism of isocyanide-
alkyne cycloaddtion, especially the effect of reaction conditions

Figure 5. DFT-computed free-energy (ΔGsol, in kcal/mol) profile and the structures of intermediates as well as transition states in each favorable
three-S/1/W-assisted and direct H shift process IV.
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on mechanism. A novel radical mechanism was unraveled,
employing multicatalysis of Ag2CO3, solvent, and substrate.
Catalytic Ag2CO3 exposes double roles in the mechanism, i.e.,
serving as a unique base for the deprotonation of isocyanide
and oxidant12,23 to initiate the initial isocyanide radical
formation. Then, it is found for the first time that substrate
(isocyanide) and solvent (dioxane) can function as radical
shuttle to regenerate radical for the next catalytic cycle,
simultaneously completing the protonation. Furthermore, the
participation of solvent dramatically improves the reaction
activity by decreasing the activation barriers of the whole
reaction, i.e., stabilizing the transition-state structures via Ag···O

coordinations and C−H···O hydrogen bonds in Ag-containing
processes as well as a much more efficient H-shift than in the
substrate-/water-assisted and direct cases. These findings may
open new insights for the mechanistic understanding of silver-
catalyzed isocyanides or alkynes reactions, which in turn may
provide guidelines for future design of synthetic methods.
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