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chanism of the Pd-catalyzed
spirocyclization reaction: a combined DFT and
experimental study†

Ivan Franzoni, ‡a Hyung Yoon, ‡a José-Antonio Garćıa-López, b

Amalia Isabel Poblador-Bahamonde*c and Mark Lautens*a

Themechanism of the palladium-catalyzed spirocyclization of acrylamides has been investigated by density

functional theory and experimental studies. The results support a mechanistic pathway that proceeds via

oxidative addition, intramolecular carbopalladation, C–H bond activation, and migratory insertion

sequence. The M06L/def2-TZVPP//BP86/6-31G(d,p)/LANL2DZ level of theory used and the inclusion of

solvent effects provide results in good agreement with the experimental data. The C–H bond activation

step proceeds via a concerted outer-sphere metallation deprotonation mechanism that explains the

absence of a measurable kinetic isotopic effect. The subsequent intermolecular migratory insertion of

arynes is significantly faster than the insertion of internal alkynes. Furthermore, the regioselectivities

calculated in the case of unsymmetrical reactants are remarkably close to the experimental values.

Evaluation of the potential energy surfaces for specific substrates provides an explanation for the lack of

product formation observed experimentally. Finally, the computational and experimental analyses of

potential side reactions are also presented and support the initially proposed mechanism.
Introduction

The application of transition metal catalysts in the activation of
traditionally inert C–H bonds has advanced signicantly and
currently represents a recurrent strategy for the construction of
carbon–carbon (C–C) and carbon–heteroatom (C–Y) bonds.1

This approach has opened the possibility to tackle the synthesis
of complex molecules based on new disconnections by utilizing
simple and inactivated starting materials in a step- and atom-
economical fashion.2 Although substrate prefunctionalization
is not required, the installation of a suitable directing group
(DG) is necessary in most cases to guide the metal center toward
a specic C–H bond in a regioselective manner (Scheme 1a).3,4

The development of (removable) DGs based on tethered
substituted quinolines, pyridines, amides and cyano groups has
allowed the intramolecular selective activation and
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functionalization of C–H bonds in proximal and even distal
positions (e.g. meta- and para-positions in aromatic groups and
g- and d-positions in alkyl chains).5,6

The combination of the palladium-catalyzed intramolecular
Mizoroki–Heck reaction and C–H bond activation in a domino
process has been exploited as a valuable alternative for the
selective functionalization of remote unactivated C–H bonds
within the molecular framework (Scheme 1b).7,8 In this
Scheme 1 Remote C–H bond activation and functionalization strat-
egies with the use of directing groups or as a part of a domino process.

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Synthesis of spiro-heterocycles via palladium-catalyzed
remote C–H bond activation and functionalization cascade reactions.
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approach, a low-valent palladium catalyst undergoes oxidative
addition into a carbon–(pseudo)halogen (C–X) bond followed by
intramolecular carbopalladation of a tethered unsaturated
Fig. 1 Initially proposed mechanism for the palladium-catalyzed spirocy

This journal is © The Royal Society of Chemistry 2018
moiety. This sequence generates s-alkylpalladium(II) interme-
diate 1, where the metal center is now placed in proximity to
a formerly remote C–H bond. In the absence of b-hydrogen
atoms or nucleophilic species,9 regioselective C–H bond acti-
vation could occur to give the spirocyclic palladacycle 2. This
complex could undergo C–C bond-forming reductive elimina-
tion or, in the presence of suitable reactants, further evolve by
functionalization of the C–Pd bond.

Inspired by the pioneering work of Grigg10 and Larock,11 our
groups12–16 and others17 have explored this class of trans-
formations for the synthesis of valuable spirocyclic scaffolds
containing heterocyclic cores (Scheme 2). These structural
motifs have attracted considerable interest due to their occur-
rence in pharmaceuticals, biologically active, and natural
products.18 In 2014, Shi and co-workers reported the application
of this approach in the synthesis of indoline derivatives.19

Recently, our group disclosed the use of an intramolecular Heck
reaction and C–H bond activation cascade for the divergent
synthesis of two classes of compounds via the intermediacy of
a single spirocyclic palladacycle (Scheme 2a).12 The use of the
bulky t-Bu3P ligand promoted the direct C–C bond-forming
reductive elimination providing benzofused cyclobutane deriv-
atives. Alternatively, in the presence of alkyl iodides and a N-
heterocyclic carbene (NHC) ligand, Catellani-type products
were obtained. Following this work, the reactivity of this class of
palladacycle intermediates was further explored resulting in the
development of several methodologies to access spirooxindoles
and spirodihydrobenzofuranes. In 2016, we independently re-
ported the palladium-catalyzed spirocyclization reaction via an
intramolecular C–H bond activation and aryne migratory
insertion sequence (Scheme 2b).13,14 Extension of this approach
to the use of a-diazocompounds15 and internal alkynes16 as
clization reaction.

Chem. Sci., 2018, 9, 1496–1509 | 1497
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terminating reagents was recently reported by our groups
(Scheme 2c and d).

Based on the collective results obtained in these studies,
a plausible mechanism for the Pd-catalyzed spirocyclization
reaction of unsaturated reagents is presented in Fig. 1.

Initially, the low-valent active catalyst oxidatively adds to the
starting material 3a to form intermediate A. Coordination of the
tethered double bond functionality to the metal center gives B
followed by an intramolecular carbopalladation to generate
neopentyl intermediate C. The lack of b-hydrogen atoms and
the conformational exibility of C allow the metal center to be
placed in proximity of an ortho C(sp2)–H bond of the phenyl
ring. This orientation facilitates a base mediated C–H bond
activation process and formation of the spirocyclic palladacycle
intermediate D. Ligand exchange at the metal center provides
either intermediate E or F where the unsaturated substrate
(aryne or alkyne) coordinates to the palladium atom trans with
respect to either the C(sp3)–Pd or the C(sp2)–Pd bond, respec-
tively. Subsequent migratory insertion generates intermediates
G or H, which nally undergo C–C bond-forming reductive
elimination, releasing product I and the active catalyst. In an
alternative scenario, migratory insertion of the unsaturated
reactant in C precedes the C(sp2)–H bond activation step to
eventually generate complex H via intermediate J.

Recently, the Garćıa-López group reported a detailed study
on the organometallic intermediates involved in this reaction.20

Several key species were synthesized and fully characterized by
nuclear magnetic resonance and single-crystal X-ray crystallog-
raphy. Furthermore, the reactivities of these species were eval-
uated and the role of ligands and bases were studied providing
additional insights into the reaction mechanism.

Herein, we report a complementary computational and
experimental study on the mechanism of the palladium-
catalyzed spirocyclization reaction. Our results support the
initially proposed mechanism (Fig. 1) and provide new insights
into key steps of the catalytic cycle. Two possible pathways for
the C–H bond activation step were computed and the equili-
bration of several species was studied. Analysis of the migratory
insertion step for diverse unsaturated reactants was evaluated
and correlated with experimental data. The theoretical results
obtained in this study, as well as experimental ndings were
compared to obtain a comprehensive and realistic overview of
the underlying mechanism of these reactions. We anticipate
that these results will aid the design of new catalysts, new
substrates and novel approaches to extend the applicability of
the palladium-catalyzed spirocyclization reactions in the
synthesis of other important classes of spirocyclic compounds.

Computational details

The computational studies were performed using acrylamide 3a
as a substrate. This compound was demonstrated to be reactive
under both sets of reaction conditions (benzyne and alkyne
insertion reactions) and it was successfully employed in the
synthesis and isolation of the fully characterized palladacycle
complex 11. All geometries were fully optimized in gas phase at
the BP86 level21 of theory without any constraints, at 298 K and 1
1498 | Chem. Sci., 2018, 9, 1496–1509
atm using a ne integration grid. The Berny algorithm was used
for geometry optimizations.22 The standard double-z basis set
(LANL2DZ)23 and effective core potentials (ECPs)23c,d were used
for Pd, Cs and heavy halogen atoms whereas for the other atoms
(C, H, O, N, P and F) the 6-31G(d,p) Pople basis set was used.24

Frequency calculations were performed at the same level for all
intermediates and transition states to conrm minima (no
imaginary frequencies) and rst order saddle points (one
imaginary frequency representing the desired reaction coordi-
nate), respectively. Furthermore, transition states were
conrmed by either intrinsic reaction coordinates (IRC)25 or
quick reaction coordinate (QRC) calculations.26 The latter
calculations were performed by small manual displacement
(0.05–0.10 Bohr) of the geometry on the vibration of the imag-
inary frequency followed by regular optimization. Single point
energies were calculated on the optimized structures at 298 K
and 1 atm at the M06L level of theory,27 a method in which
dispersion effects are included in the parameterization scheme.
The Karlsruhe triple-z Gaussian basis set def2-TZVPP was used
for all atoms.28 Solvent effects were assessed through the inte-
gral equation formalism variant of the polarizable continuum
model (IEFPCM)29 with default parameters for toluene and UFF
radii. Evaluation of other functionals, basis sets, implicit
models to describe solvent effects, and with or without addition
of the Grimme's D3 dispersion30 provided qualitative consistent
results. Solution phase zero-point corrected energies,
enthalpies and Gibbs free energies were obtained by adding the
respective gas-phase thermodynamic contributions to the
single-point solution phase energies. Relative Gibbs free ener-
gies are reported in kcal mol�1 and were converted to 1 M
standard state by addition of 1.89 kcal mol�1 to all species
(according to RT ln(c/c0) at 298 K). Relative enthalpies are pre-
sented in parenthesis. All energies are quoted relative to the
energy of 3a, and the following nomenclature will be used in the
discussion: DG relative energy with respect to 3a; DDG differ-
ence between relative energies; DG‡ activation energies; and
DDG‡ difference between activation energies. The fully detailed
energy proles inclusive of all the intermediates not presented
in the text are presented in the ESI.† All calculations were per-
formed by using the Gaussian09 package, revision D.01.31

Figures were created with CLYview32 and all H atoms were
omitted for clarity except for the H atoms involved in the C–H
bond activation process. Root-mean-square deviation (RMSD)
of atomic positions values were calculated using ICM Molso
Browser Soware. Representative geometrical parameters are
also reported (Å, degrees).

Results and discussion
Oxidative addition and intramolecular carbopalladation steps

Our investigation started by the computational analysis of the
initial steps of the reaction, namely the oxidative addition and
the intramolecular carbopalladation steps (Fig. 2).

Coordination of the palladium catalyst to the aromatic ring
of 3a provides intermediate 4 (DG ¼ +5.0 kcal mol�1) which
undergoes an oxidative addition process to generate 5 (DG ¼
�18.6 kcal mol�1). This step requires only 6.6 kcal mol�1 and
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Free energy profile for the oxidative addition and intramolecular carbopalladation steps and selected computed structures (L ¼ Ph3P).
Comparison between the computed structure for intermediate 7b and the related single-crystal X-ray structure from ref. 20.

Table 1 Comparison of the key geometrical parameters for 7b, 7b-Cl
and the single-crystal X-ray structure from ref. 20

7b 7b-Cl X-ray

Pd–X 2.770 2.469 2.408
Pd–P 2.252 2.248 2.196
Pd–O 2.247 2.249 2.162
Pd–C 2.097 2.083 2.050
C–Pd–O 81.0 81.0 81.7
O–Pd–X 89.4 91.1 92.5
X–Pd–P 95.4 92.7 91.0
P–Pd–C 94.1 95.0 95.0
L–Pd–O 174.8 175.6 173.1
C–Pd–X 169.9 171.8 173.8
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the two intermediates are connected by TS 4–5 (DG ¼
+11.7 kcal mol�1), which models a concerted three-membered
process. In 2006, Norrby and co-workers reported a detailed
computational study on the oxidative addition of triphenyl-
phosphine–palladium complexes to haloarenes.33a The authors
found that low-coordinated palladium species such as
[Pd(Ph3P)S], where S is a molecule of a coordinating solvent,
would be more reactive than palladium complexes with two or
more phosphine ligands. Furthermore, Vidossich et al. studied
by means of explicit solvent molecular dynamic simulation the
equilibration of [Pd(Ph3P)nSm] species in toluene suggesting
that a bare [Pd(Ph3P)] promptly coordinates to a molecule of
solvent.33d Attempts to locate a transition state analogous to TS
4–5 where only one ligand is placed on the metal center were
unsuccessful in our case. The results obtained in this analysis
suggest that the potential energy surface for the oxidative
addition step of a [Pd(Ph3P)] species to substrate 3a would be
particularly at in a non-coordinating solvent such as toluene.
Although this circumstance renders the search of transition
states particularly challenging, it also suggests that a mono-
ligated palladium catalyst may indeed provide a lower energy
pathway for this step.

Decoordination of one ligand in 5, provides an empty coor-
dination site on palladium that allows the interaction with the
tethered alkene to generate intermediate 6 (DG ¼
�9.0 kcal mol�1) with an overall destabilization of
This journal is © The Royal Society of Chemistry 2018
9.6 kcal mol�1. Intramolecular migratory insertion of the
unsaturatedmoiety into the Pd–C bond leads to intermediate 7a
(DG ¼ �26.8 kcal mol�1) where the metal center coordinates to
the fused aromatic ring of the newly formed oxindole core. The
overall process requires 19.6 kcal mol�1 and is modeled by TS 6–
7a (DG ¼ +1.0 kcal mol�1).

Among the different conformers of 7a, a lower energy
structure 7b (DG ¼ �28.6 kcal mol�1) was found where the
palladium atom coordinates to the oxygen atom of the carbonyl
functionality. Of note, this structure closely resembles the X-ray
structure previously reported (Fig. 2).20 In order to compare the
Chem. Sci., 2018, 9, 1496–1509 | 1499
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Scheme 3 NMR studies on the equilibration between 7a, 7b, and 8
from ref. 20 (L ¼ Ph3P). Computed structure for intermediate 8.
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geometrical features of these structures, the structure of inter-
mediate 7b-Cl was optimized aer replacement of the iodine
atom in 7b with a chlorine atom (see ESI†). Key bond distances
and bond angles in these structures are presented in Table 1.
Comparison of the bond distances between the metal atom and
the four ligands in the reported X-ray crystal structure and the
optimized intermediate 7b-Cl provides a mean standard devia-
tion (SD) of 0.061 Å. These bond distances are expected to be
only marginally inuenced by solid-state packing effects thus
Fig. 3 Free energy profiles of the alternative pathways for the base medi
Ph3P).

1500 | Chem. Sci., 2018, 9, 1496–1509
highlighting the accuracy of the BP86/6-31G(d,p) method used
in geometry optimizations. Aware that these solid-state packing
effects could signicantly affect the torsion angles of the
phosphine ligand and of the phenyl moiety, we found that the
root-mean-square deviation (RMSD) of atomic positions
between the two structures still provides a remarkable correla-
tion with a value of 0.760 Å (see ESI†).34 Coordination of
a phosphine ligand in 7b gives the more stable bis-ligated
intermediate 8 (DG ¼ �34.9 kcal mol�1). This complex is
characterized by a distorted square planar geometry around the
metal center (P–Pd–P ¼ 148.5; C–Pd–I ¼ 157.2) due to the steric
hindrance of the two ligands in trans relative arrangement and
the iodine atom. The equilibration between 7a, 7b, and 8 in
solution has been previously studied by means of 1H NMR
techniques (Scheme 3).20 A solution of 8, prepared by indepen-
dent synthesis, in deuterated chloroform at room temperature
was analyzed by 1H NMR at different times. Aer the initial
formation of a new species, tentatively attributed to interme-
diate 7a, signicant formation of 7b with concomitant genera-
tion of triphenylphosphine oxide was observed (no free
phosphine was detectable aer 11 h). These experimental
results seem to be in discordance with our computational study,
where the bis-ligated complex 8 is thermodynamically more
stable than 7a and 7b. A closer analysis of the data obtained in
this 1H NMR study reveals that aer 5 h, a substantial amount
of triphenylphosphine oxide is formed and its concentration
ated C–H bond activation step and selected computed structures (L ¼

This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of the key geometrical parameters for spi-
rocyclic palladacycle 11: computed structure and single-crystal X-ray
structure from 14

11 (DFT) 11 (X-ray)

Pd–C(sp3) 2.098 2.076
Pd–C(sp2) 2.095 2.076
Pd–P1 2.438 2.358
Pd–P2 2.414 2.335
C(sp2)–Pd–P2 93.6 92.1
P2–Pd–P1 98.9 97.0
P1–Pd–C(sp3) 90.2 91.2
C(sp2)–Pd–C(sp3) 77.5 79.9
C(sp2)–Pd–P2 167.2 170.2
C(sp3)–Pd–P1 169.8 171.4

Scheme 4 Relative energies of different analogues of 11 after
replacement of a ligand by a solvent molecule (top, L ¼ Ph3P) and
experimental result from ref. 20 (bottom).
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increases over time along with formation of 7b. The irreversible
formation of triphenylphosphine oxide would reduce the
concentration of free ligand in solution, thus providing the
necessary thermodynamic driving force for the formation of the
higher energy intermediate 7b instead of the more stable bis-
ligated intermediate 8.

C–H bond activation step and formation of the spirocyclic
palladacycle intermediate

The analysis of the potential energy surface for the base medi-
ated C–H bond activation step provides two possible pathways
(Fig. 3). In the rst scenario, ligand exchange on intermediate 8
generates the carbonate complex 9 (DG ¼ �42.3 kcal mol�1). A
subsequent concerted inner-sphere metallation deprotonation
mechanism could occur generating the corresponding spi-
rocyclic complex 11 (DG ¼ �41.4 kcal mol�1).35 This process
requires 25.8 kcal mol�1 and it is modeled by TS 9–11 (DG ¼
�16.5 kcal mol�1). This transition state is characterized by
a shortening of the Pd–C(sp2) distance and concomitant
abstraction of the hydrogen atom by the carbonate base bound
to the metal center. Furthermore, during this process, the large
cesium ion interacts with the oxygen atom in the carbonyl group
of the oxindole ring (for other examples in which the cation is
included in the transitions state for C–H activation processes,
see ref. 36). An alternative pathway for the formation of palla-
dacycle 11 was computed. Interaction between the carbonate
base and 8 generates intermediate 10 (DG ¼ �38.9 kcal mol�1)
where the iodine ligand still binds to the metal center. A
concerted outer-sphere metallation deprotonation mechanism
follows and requires 14.2 kcal mol�1. The corresponding tran-
sition state TS 10–11 (DG ¼ �24.7 kcal mol�1) models the
formation of the Pd–C(sp2) bond with concomitant abstraction
of the hydrogen atom by the carbonate base that does not
directly interact with the palladium atom. Agostic-type struc-
tures with pre-coordination of the C(sp2)–H bond to the metal
center prior to the C–Hbond activation were not observed either
by conformational search nor by IRC/QRC calculations. This
type of interaction has been proposed to polarize the C–H bond,
thus facilitating the deprotonation step and has been found in
related computational studies.36 The overall results shown in
Fig. 3 suggest that a base mediated concerted outer-sphere
This journal is © The Royal Society of Chemistry 2018
metallation deprotonation mechanism is thermodynamically
(DDG ¼ �8.2 kcal mol�1) and kinetically (DDG‡ ¼
�11.6 kcal mol�1) favored over the previously reported inner-
sphere type pathway for this type of reaction.12 These compu-
tational results are further corroborated by a number of exper-
imental results. In the development of a palladium-catalyzed
spirocyclization reaction based on a C(sp2)–H bond activation
and benzyne migratory insertion sequence, our groups inde-
pendently demonstrated that CsF, a salt that is used for the in
situ generation of aryne reactants, is an effective replacement of
Cs2CO3 as a base in this reaction. Since uoride ions would not
be able to coordinate to the metal center and promote hydrogen
abstraction, this observation suggests the viability of an outer-
sphere type C–H bond activation process in our system. The
feasibility of such process is also computationally supported by
the successful optimization of a transition state resembling the
structural features of TS 10–11 where the carbonate base was
replaced with CsF (see ESI†). Furthermore, we found that
replacement of the hydrogen atoms in the non-halogenated
phenyl ring of 3a with deuterium does not provide any
measurable kinetic isotope effect (KIE),14 which suggests that
C–H bond activation is not the rate-limiting step in the catalytic
cycle. Since the subsequent insertion of arynes is a fast process
(vide infra), the absence of a KIE is not compatible with the
highly energy demanding inner-sphere type C–H bond activa-
tion mechanism (DG‡ ¼ 25.8 kcal mol�1) thus supporting the
alternative outer-sphere type mechanism (DG‡ ¼
14.2 kcal mol�1).

The spirocyclic palladacycle 11 (DG ¼ �41.4 kcal mol�1) is
characterized by a distorted square planar geometry around the
metal center due to the cis arrangement of the two phosphine
ligands. We previously reported the synthesis and
Chem. Sci., 2018, 9, 1496–1509 | 1501
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Fig. 4 Free energy profile for the migratory insertion step with benzyne 12a and transition state structures (L ¼ Ph3P).
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characterization of 11, and demonstrated the viability of this
intermediate in this class of reactions.14,16 Table 2 summarizes
the key structural features of the computed and the single-
crystal X-ray structure of 11. In analogy to the case of interme-
diate 7b-Cl, there is a remarkable similarity in both the key Pd–
R distances, with a SD of 0.058 Å, and in the overall structure
with a RMSD of 0.375 Å (see ESI†). Decoordination of a ligand
trans to either the C(sp2) or the C(sp3) atoms in 11 provides
a signicant increase in energy of the resulting 14-electron
complexes (DG ¼ �26.1 and �26.6 kcal mol�1, respectively).
Since the spirocyclization reaction of aryne substrates is carried
out in a toluene/acetonitrile mixture,13,14 we envisioned that
replacement of a phosphine ligand in 11 by coordination
a molecule of MeCN would be possible (Scheme 4, top). The
relative energies of the resulting intermediates 11a and 11a0

show higher energy species in both cases (DG ¼ �31.9 and
�31.4 kcal mol�1, respectively) with a slight preference for the
substitution of the phosphine ligand trans of the C(sp2)–Pd
1502 | Chem. Sci., 2018, 9, 1496–1509
bond. Attempts to detect these type of intermediates by 1H NMR
analysis of a solution of 11 in MeCN-d3 were inconclusive.
However, treatment of 11 with one equivalent of xylylisocyanide
(XylNC) provides a single isomeric species that was attributed to
11b (Scheme 4, bottom).20 Indeed, replacement of a phosphine
ligand with a XylNC molecule provides the two more stable
structures 11b and 11b0 (DG ¼ �43.9 and �43.2 kcal mol�1,
respectively) being 11b thermodynamically favored with respect
to 11b0 and the original palladacycle 11.
Regioselectivity of the migratory insertion step

We next studied the migratory insertion step in the spirocyclic
palladacycle intermediate 11 for the case of benzyne 12a (Fig. 4).
According to the general mechanism presented in Fig. 1,
a ligand substitution on 11 could generate either 13a or 13b (DG
¼�50.6 and�51.4 kcal mol�1, respectively). In 13a the benzyne
ligand 12a binds to the metal center in a trans position with
respect to the C(sp3) atom whereas in 13b it binds in trans to the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Computed Gibbs free energy profile explaining the regioselectivity of the migratory insertion of 3-methoxy substituted benzyne 12b (L ¼
Ph3P).

Fig. 6 Computed structure for intermediates 17a and 17b highlighting
the different orientations of the methoxy substituent.
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C(sp2) atom. Although the formation of 13b is slightly favored
thermodynamically (DDG ¼ �0.8 kcal mol�1) the subsequent
migratory insertion step is kinetically favored for intermediate
13a (DDG‡ ¼ �1.8 kcal mol�1) following a classic Curtin-
Hammet scenario.37 This trend is maintained in all the cases
presented in this work, therefore, only the proles involving
migratory insertions into the Pd–C(sp2) bond of 11 will be dis-
cussed here (see ESI† for the proles of selected cases of
migratory insertions into the Pd–C(sp3) bond). The corre-
sponding transition states TS 13a–14a (DG ¼ �45.6 kcal mol�1)
and TS 13b–14b (DG¼�43.8 kcal mol�1) model a planarization
of the benzyne ring with respect to the phenyl moiety during the
formation of the C(sp2)–(Csp2) and the C(sp2)–(Csp3) bonds,
respectively. The two isomers 14a and 14b (DG ¼ �92.4 and
�92.2 kcal mol�1, respectively) are characterized by a remark-
able thermodynamic stability and to be almost isoenergetic.
The geometry of these intermediates facilitates the subsequent
C–C bond-forming reductive elimination process (DG‡ ¼ 5.3
and 2.9 kcal mol�1, respectively). Transition states TS 14a–15
and TS 14b–15 (DG ¼ �87.1 and �89.3 kcal mol�1, respectively)
model a shortening of the C(sp2)–(Csp3) and C(sp2)–(Csp2)
distances, respectively, and the concomitant migration of the
palladium atom on the adjacent p-aromatic system to form the
spirooxindole complex 15 (DG ¼ �131.4 kcal mol�1). Final
ligand-assisted decoordination of the catalyst releases the nal
product 16 (DG ¼ �144.6 kcal mol�1) and regenerates the
[Pd(Ph3P)2] active catalyst. In an attempt to isolate or detect any
This journal is © The Royal Society of Chemistry 2018
intermediate 13–15 in the reaction mixture, preformed palla-
dacycle 11 was treated with benzyne generated in situ at room
temperature but only product 16 was detected.20 In agreement
with this experiment, the low activation energies and the
remarkable exergonic nature for the migratory insertion and the
C–C bond-forming reductive elimination steps suggest that the
concentration of any of the unstable intermediates 13–15 would
be extremely low in catalytic and stoichiometric conditions.

Evaluation of the potential energy surface for the migratory
insertion of the unsymmetrical 3-methoxy substituted benzyne
12b is presented in Fig. 5. In this case, the unsymmetrical aryne
Chem. Sci., 2018, 9, 1496–1509 | 1503
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Fig. 7 Computed Gibbs free energy profile explaining the regioselectivity of themigratory insertion of methyl 3-phenylpropiolate 12c (L¼ Ph3P).
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12b introduces a new regioselective element, based on the
different relative positions of the methoxy substituent with
respect to the spirocyclic core of the oxindole moiety. Coordina-
tion of 12b to 11 generates either 17a (DG ¼ �46.7 kcal mol�1) or
17b (DG¼�46.0 kcal mol�1). The methoxy group in intermediate
17a points toward the phosphine ligand whereas in 17b this
substituent points toward the oxindole backbone (Fig. 6).

In analogy to 12a, insertion of the substituted aryne in 17a
and 17b is a fast process (DG‡ ¼ 4.2 and 4.4 kcal mol�1,
respectively). The relative energy of the corresponding transi-
tion states TS 17a–18a and TS 17b–18b (DG ¼ �42.5 and
�41.6 kcal mol�1, respectively) favors the formation of 18a (DG
¼ �89.9 kcal mol�1) over 18b (DG ¼ �85.6 kcal mol�1).
Subsequent C(sp2)–C(sp3) bond-forming reductive elimination
proceeds via TS 18a–19a and TS 18b–19b (DG ¼ �83.9 and
�80.5 kcal mol�1, respectively) to generate the two isomeric
complexes 19a and 19b (DG ¼ �123.6 and �121.1 kcal mol�1,
respectively). Decoordination of the catalyst ultimately releases
the two compounds 20a and 20b (DG ¼ �135.7 and
�137.0 kcal mol�1, respectively). The reaction between 3a and 3-
methoxy benzyne 12b carried out under the standard reaction
conditions14 affords the desired spirooxindoles products 20a
and 20b in a mixture 3 : 1 (see ESI†). The experimental ratio
(3 : 1) is in good agreement with the calculated theoretical ratio
(DDG ¼ 0.9 kcal mol�1, corresponding to a 3.6 : 1 ratio at 80 �C)
in favor of the same isomer 20a.38
Scheme 5 Attempts for the insertion of alkyne reactants.
Reactivity and regioselectivity for the migratory insertion of
alkynes

In order to examine the regioselectivity of the reaction with
other unsaturated compounds, we selected less reactive p-
1504 | Chem. Sci., 2018, 9, 1496–1509
systems such as unsymmetrical internal alkynes.16 Indeed,
minor adjustments of the reaction conditions allowed the
generation of the desired spirocyclic products in excellent
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Comparison between the free energy profiles for the Sonogashira-type reaction (left side) and the migratory insertion reaction (right side)
with terminal alkyne 12e (L ¼ Ph3P).
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regioselectivity (>20 : 1). The computational analysis of the
migratory insertion step for methyl 3-phenylpropiolate 12c is
presented in Fig. 7.39

Coordination of the alkyne 12c to the palladium atom in 11
provides the two isomeric structures 21a and 21b (DG ¼ �30.1
and �30.2 kcal mol�1, respectively). Migratory insertion takes
place and the formation of a new C(sp2)–C(sp2) bond is modeled
by transition states TS 21a–22a and TS 21b–22b (DG ¼ �6.0 and
�3.3 kcal mol�1, respectively) to generate intermediates 22a
and 22b (DG ¼ �39.9 and �38.7 kcal mol�1, respectively). The
energies required for these insertion processes (DG‡ ¼ 24.1 and
26.9 kcal mol�1, respectively) are signicantly higher
(>15 kcal mol�1) than the activation energies calculated in the
case of arynes. This result reects the higher temperatures
required for the insertion of internal alkynes compared to
arynes (100 �C vs. 80 �C). The following C(sp2)–C(sp3) bond-
forming reductive elimination step is modeled by TS 22a–23a
and TS 22b–23b (DG ¼ �32.4 and �36.1 kcal mol�1, respec-
tively) and requires 7.5 and 2.6 kcal mol�1, respectively. Final
decoordination of the palladium complex from intermediates
23a and 23b (DG ¼ �77.2 and �74.5 kcal mol�1, respectively)
releases the corresponding products 24a and 24b (DG ¼ �88.9
and �88.1 kcal mol�1, respectively). Of note, the kinetic theo-
retical ratio of 24a and 24b at 100 �C is 38 : 1, a value in good
agreement with the ratios obtained experimentally (>20 : 1).

During the evaluation of the scope of this transformation, we
found that introduction of an electron-withdrawing group on
the pendant aromatic ring failed to generate the corresponding
spirooxindole product 25 (Scheme 5a).16

Furthermore, when palladacycle 11-CF3 was successfully
synthesized by independent synthesis, its reaction with internal
alkyne 12d did not generate the expected product 26. Analysis of
This journal is © The Royal Society of Chemistry 2018
the alkyne migratory insertion step in complex 11-CF3 provides
an activation energy only 2.6 kcal mol�1 higher than for the
insertion in 21a (see ESI†). These results and experimental
observations suggest that the low stability of complex 11-CF3
under the reaction conditions, in combination with a slower
migratory insertion step, could be responsible for the lack of
product formation. In other experiments, we found that the
reaction of internal symmetrical alkynes such as 12d did not
generate the expected product 26 (Scheme 5b).16 The energetics
of the migratory insertion step for alkyne 12d was evaluated (see
ESI†). The computed activation energy (DG‡ ¼ 32.2 kcal mol�1)
is 8.1 kcal mol�1 higher than for the insertion of unsymmetrical
alkyne 12c (DG‡ ¼ 24.1 kcal mol�1) supporting a particularly
slow insertion step. The anticipated low rate for this insertion
process, along with the kinetic stability of the active catalyst,
may explain the lack of product formation in this case. In
addition to these experiments, in an attempt to react substrate
3c with phenylacetylene 12e, we observed exclusive formation of
the known compound 27 instead of the expected spirocyclic
product (Scheme 5c). The computational analysis for the
formation of this Sonogashira-type compound 27 is shown in
Fig. 8.

The base present in the reaction media facilitates a ligand
exchange process in intermediate 7b to generate the organo-
metallic species 28 (DG ¼ �37.0 kcal mol�1).40 Ensuing C(sp3)–
(Csp) bond-forming reductive elimination generates interme-
diate 29 (DG ¼ �54.7 kcal mol�1) where the palladium atom
coordinates to the alkyne moiety. This step requires
21.5 kcal mol�1 and is modeled by TS 28–29 (DG ¼
�15.5 kcal mol�1). Interaction between the oxygen atom of the
carbonyl functionality and the metal center was observed
during the whole transformation. Decoordination of the
Chem. Sci., 2018, 9, 1496–1509 | 1505
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Table 3 Experimental studies on the alternative migratory insertion/
C–H bond activation pathway

Entry Variations from the standard conditions Yield

1 None 52%
2 PhMe instead of PhMe/MeCN (1 : 1) 0%
3 No [Pd(Ph3P)4] 0%
4 No Cs2CO3/CsF 0%
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catalyst releases the nal product 27 (DG ¼ �62.9 kcal mol�1).
The alternative migratory insertion pathway starts with a ligand
exchange process on palladacycle 11 to form intermediate 30
(DG ¼�29.1 kcal mol�1). Insertion of the alkyne ligand into the
C(sp2)–Pd bond requires 23.5 kcal mol�1 and the corresponding
transition state TS 30–31 (DG ¼�5.6 kcal mol�1) connects 30 to
the resulting seven-membered palladacycle 31 (DG ¼
�46.3 kcal mol�1). Final C(sp2)–C(sp3) bond-forming reductive
elimination is modeled by TS 31–32 (DG ¼ �40.1 kcal mol�1)
and, upon decoordination of the catalyst, generates the ex-
pected product 33 (DG ¼ �93.6 kcal mol�1). Comparison
Fig. 9 Catalytic cycle for the computed most favourable pathway for th

1506 | Chem. Sci., 2018, 9, 1496–1509
between the two possible pathways shows that the Sonogashira-
type reaction on intermediate 7b is kinetically and thermody-
namically favoured over the anticipated migratory insertion
process (DDG‡ ¼ �2.0 kcal mol�1 and DDG ¼ �9.9 kcal mol�1,
respectively). This result is in agreement with the experimental
data where the reaction between 3c and the terminal alkyne 12e
under the standard reaction conditions provides product 27
exclusively.
Experimental studies on the alternative migratory insertion/
C–H bond activation sequence

As mentioned in the introduction, intermediate C in Fig. 1 may
undergo migratory insertion with the unsaturated reactant
prior to the C–H bond activation step. In order to establish the
feasibility of this sequence, substrate 34 was independently
synthesized and submitted to the standard reaction conditions
(Table 3). Oxidative addition of the low-valent catalyst into the
reactive C(sp2)–I bond would generate intermediate 35 (analo-
gous to intermediate J in Fig. 1).41 In the presence of a base, 35
could undergo intramolecular C–H bond activation on the
unsubstituted phenyl ring to eventually form the spirooxindole
16, corresponding to the product obtained for the reaction of 3a
with a benzyne precursor. Unexpectedly, the reaction of 34
provided compound 36 exclusively with the remaining mass
balance represented by unreacted starting material (Table 3,
entry 1). Product 36 presumably derives from the reaction
between intermediate 35 (generated in situ) and the acetonitrile
co-solvent. Indeed, the reaction carried out in pure toluene did
not afford any product but only full recovery of starting material
(Table 3, entry 2). Exclusion of either the palladium catalyst or
the base also resulted in unreacted starting material (Table 3,
entry 3 and 4). Of note, compound 36 has never been detected in
e Pd-catalyzed spirocyclization reaction (L ¼ Ph3P).

This journal is © The Royal Society of Chemistry 2018
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any catalytic reaction during the optimization or the evaluation
of scope of the spirocyclization reaction with arynes.14 These
collective observations suggest that the alternative pathway
initially proposed, where migratory insertion take places before
the C–H bond activation step, is unlikely to be operative in the
system under study. Unfortunately, attempts to carry out
a computational analysis for this alternative mechanism
provided a scenario inconsistent with the experimental results
(see ESI†).

Conclusions

The mechanism of the palladium-catalyzed spirocyclization of
acrylamides with arynes and alkynes has been investigated by
means of density functional theory calculations coupled with
experimental studies. Our results show an excellent agreement
between theoretical and experimental data and support the
initially postulated mechanism for this reaction proceeding via
a C–H bond activation and migratory insertion sequence. The
most favorable pathway, based on the results of this study, is
presented in Fig. 9.

Investigation of the early stages of the reaction supports the
existence of several species in equilibrium and comparisons
between the computed and the single-crystal X-ray structures of
some of these intermediates show a remarkable similarity. The
intramolecular migratory insertion was found to be the rate
determining step in the formation of the palladacycle inter-
mediate 11. The C–H bond activation step is found to proceed
via a concerted outer-sphere metallation deprotonation mech-
anism. This scenario is supported by kinetic measurements and
by evaluation of other bases. Furthermore, ligand dissociation
and exchange in the experimentally isolated palladacycle 11 was
studied. The analysis of the migratory insertion step revealed
that the process is consistently favored for the insertion into the
C(sp2)–Pd bond in all the cases and it originates the observed
stereoselectivities via kinetic control. The differences in the
energies obtained in the case of aryne and alkyne reactants
correlate to the different sets of experimental conditions.
Furthermore, the calculated regioselectivities for the insertion
of unsymmetrical unsaturated reactants are in excellent agree-
ment with the experimental ratio previously reported. Finally,
experimental data provide evidence that the alternative mech-
anism where the migratory insertion process precedes the C–H
activation step is not operative under the standard reaction
conditions.
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Sherbrooke, Quebec, Canada, 2009, http://www.cylview.org.

33 (a) M. Ahlquist, P. Fristrup, D. Tanner and P.-O. Norrby,
Organometallics, 2006, 25, 2066; (b) M. Ahlquist and
P.-O. Norrby, Organometallics, 2007, 26, 550. for a related
study, see also: (c) W.-J. Sun, W. Chu, L.-J. Yu and
C.-F. Jiang, Chin. J. Chem. Phys., 2010, 23, 175. for a study
on the speciation of [Pd(Ph3P)4] in aromatic solvents, see:
(d) P. Vidossich, G. Ujaque and A. Llledos, Chem.
Commun., 2014, 50, 661.

34 Evaluation of this RMSD was performed by comparison of
the single crystal X-ray structure from ref. 20 and the
mirror image (i.e. the opposite enantiomer) of 7b-Cl.

35 The structure of the IRC/QRC intermediates which follows
the C–H bond activation step are presented in the ESI.†
These structures are not included in the discussion herein
due to the inaccuracy of DFT methods to describe salts
This journal is © The Royal Society of Chemistry 2018
that in the experimental conditions are present as solids
and not as isolated molecules.

36 For a comprehensive review and reference therein, see:
D. L. Davies, S. A. Macgregor and C. L. McMullin, Chem.
Rev., 2017, 117, 8649.

37 J. I. Seeman, Chem. Rev., 1983, 83, 83.
38 For experimental and computational studies of the reactivity

of unsymmetrical arynes in the absence of transition metals,
see: (a) P. H.-Y. Cheong, R. S. Paton, S. M. Bronner, G.-Y.
J. Im, N. K. Garg and K. N. Houk, J. Am. Chem. Soc., 2010,
132, 1267; (b) J. M. Medina, J. L. Mackey, N. K. Garg and
K. H. Houk, J. Am. Chem. Soc., 2014, 136, 15798.

39 In the original publication, ethyl 3-phenylpropiolate was
used experimentally.

40 Ligand exchange in the more stable intermediate 8 is
possible but the resulting trans arrangement of the two
carbon substituents would not allow direct C–C bond-
forming reductive elimination. This would require an
initial ligand dissociation and isomerization to form 28.

41 The reactivity of this bond was conrmed by coupling
compound 34 with p-tolylboronic acid under standard
Suzuki-Miyaura reaction conditions utilizing [Pd(Ph3P)4] as
catalyst (see ESI†).
Chem. Sci., 2018, 9, 1496–1509 | 1509

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc04709f

	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...

	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...
	Exploring the mechanism of the Pd-catalyzed spirocyclization reaction: a combined DFT and experimental studyElectronic supplementary information (ESI)...


