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Abstract

Context The combined use of transition metal-catalyzed C—H activation with aryne annulation reactions has emerged as an
important strategy in organic synthesis. In this study, the mechanisms of the palladium(Il)-catalyzed annulation reaction of
N-methoxy amides and arynes were computationally investigated by density functional theory. The role of methoxy amide
as a directing group was elucidated through the calculation of three different pathways for the C—H activation step, showing
that the pathway where amide nitrogen acts as a directing group is preferable. At the reductive elimination transition state, an
unstable seven-membered ring is formed preventing the lactam formation. A substituent effect study based on an NBO analysis,
Hammet, and using a More O’Ferall-Jenks plot indicates that the C—H activation step proceeds via an electrophilic concerted
metalation-deprotonation (eCMD) mechanism. The results show that electron-withdrawing groups increase the activation
barrier and contribute to an early Pd—C bond formation and a late C—H bond breaking when compared with electron-donating
substituents. Our computational results are in agreement with the experimental data provided in the literature.

Methods All calculations were performed using Gaussian 16 software. Geometry optimizations, frequency analyses at 393.15
K, and IRC calculations were conducted at the MO6L/Def2-SVP level of theory. Corrected electronic energies, NBO charges,
and Wiberg bond indexes were computed at the MO6L/Def2-TZVP//MO6L/Def2-SVP level of theory. Implicit solvent effects
were considered in all calculations using the SMD model, with acetonitrile employed as the solvent.

Keywords C-H activation - Arynes - Annulation - Electrophilic concerted metalation-deprotonation - Reaction mechanism -
DFT - Catalysis

Introduction

In the last decades, transition-metal-catalyzed C—H func-
tionalization reactions have emerged as one of the most
important strategies in organic synthesis [1-3].The ability
to form carbon-carbon or carbon-heteroatom bonds from
unfunctionalized C—H bonds enables the formation of valu-
able products with greater atom economy than conventional
cross-coupling reactions [4, 5]. On the other hand, the use of
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arynes has gained significant attention due to their high reac-
tivity and their practical and safe in situ generation through
the Kobayashi method [6-8]. In this context, an emerging
strategy involves the use of arynes combined with metal tran-
sition catalysts. This approach promotes C-H activation of
the substrate followed by aryne annulation reactions result-
ing in the synthesis of valuable compounds [9-11].

In general, when substrates attached to nitrogen-containing
directing groups are used in aryne annulation reactions, aza-
cyclic products are obtained [12—-19]. To the best of our
knowledge, the Cheng/Tang team was the first to describe
this reaction using an amide substrate leading to a ketone
product and, unexpectedly, the lactam did not form. In 2022,
they reported a palladium(Il)-catalyzed annulation of N-
methoxy amides and arynes, resulting in the synthesis of
9,10-dihydrophenanthrenone derivatives (Scheme 1) [20].

The catalytic cycle proposed by Cheng, Tang, and cowork-
ers [20] is depicted in Fig.1 (Path A). Interestingly, they
found that palladium acetate activates both ortho-C—H and
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Scheme 1 Palladium(II)-
catalyzed annulation of
N-methoxy amides and arynes H

N.
OMe+ @TMS
(e}
H oTf

N-H bonds in the substrate to form the palladacycle 1-A.
The next step is the aryne insertion, leading to intermediate
1-B. Instead of the eight-membered palladacycle undergoing
reductive elimination to yield the lactam product, the AcOH
promotes the cleavage of the Pd—N bond to give 1-C. At
this point, a nucleophilic addition to the carbonyl group is
proposed to generate the cyclic intermediate 1-D. Finally,
C-N cleavage in 1-D delivers the phenanthrenone and the
alkoxyamine to regenerate the palladium catalyst. Further-
more, the authors demonstrated that copper salt promotes
the oxidative decomposition of the alkoxyamine, pushing the
equilibrium toward the desired ketone product [20].
Nevertheless, the lack of lactam formation in the mech-
anism proposed by the authors remains unexplained. To
address this, Muzart [21] introduced a distinct route where
the carbonyl oxygen acts as a directing group instead of the
nitrogen (Fig. 1: Path B). In this alternative pathway, the C-H
activation step yields the palladacycle 1-E, which, through
aryne insertion, can lead to intermediate 1-C. According to
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this proposed mechanism, species 1-B does not form, pro-
viding a possible explanation for the absence of the azacycle.
Moreover, other studies in the literature also support the
assignment of the carbonyl oxygen as the directing group
in ortho-C—H activation of amides [10, 22].

Simple mechanistic understanding enables more accu-
rate predictions for reactions involving the same or similar
reactants and catalysts [23, 24]. C-H activation plays a
crucial role in numerous transformations in organic syn-
thesis, serving as the determining step for both rate- and
regioselectivity in several examples [25-28]. It is known
that many C-H activations catalyzed by Pd(OAc), follow a
concerted metalation-deprotonation (CMD) [29-35] mech-
anism, relying on the acidity of the abstracted proton [31,
32]. Controversially, in the discussed reaction [20], experi-
mental data demonstrated that electron-withdrawing groups
decrease the total yield, deviating from the expectations
of a standard CMD mechanism. Competition tests favor-
ing electron-rich substrates through a CMD mechanism are

N-H/C-H
Activation

i
N‘OMe
0 1-A
OMe
L/
L=AcOH
Aryne
Insertion

Lactam product

Fig.1 The annulation reaction catalytic cycle. In Path A the amide nitrogen acts as the directing group and in Path B the C—H activation is directed

by the carbonyl oxygen
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known [36-45], and are better suited for a base-assisted
internal electrophilic substitution type (BIES) mechanism, or
an electrophilic concerted metalation-deprotonation (eCMD)
mechanism [46-50].

Herein, based on the density functional theory (DFT), we
investigate the mechanisms of the palladium(Il)-catalyzed
annulation of N-methoxy amides and arynes. All steps of
the catalytic cycle presented in Fig. 1 have been elucidated
through computational analysis. Our results contribute to
clarifying the role of the methoxy amide as a directing group
and offer insights into why the lactam product is not obtained
in this reaction. Additionally, we conducted a substituent
study on the C—H activation process to deepen our under-
standing of the influence of different groups on the benzene
ring and the reasons for deviating from the standard CMD
mechanism. Our findings suggest the presence of an eCMD
mechanism instead.

Computational details

All calculations were carried out with the Gaussian 16 pack-
age [51]. Geometry optimizations were performed at the
MO6L/Def2-SVP level of theory [52-54]. Frequency calcu-
lations were computed at the same level of theory to obtain
the thermal corrections at 393.15 K and confirm whether the
structures represent transition states (TS) or minimum points
on the potential energy surface. Furthermore, all transition
states were validated using the intrinsic reaction coordinate
(IRC) method [55]. Electronic energies were corrected at the

MO6L/Def2-TZVP//MO6L/Def2-SVP level of theory [52-
54]. The SMD [56] solvation model (solvent=acetonitrile)
was applied in all calculations. The correction to bring the
molecules from the gas phase at 1 atm to a solution at a con-
centration of 1 mol.L~! was applied to the final free energies
of all species. Wiberg bond indexes [57] were calculated
using the natural population analysis [58] on the opti-
mized structure of the transition states, employing the same
level of theory used for computing the corrected electronic
energies.

Results and discussions

Comprehensive reaction mechanism The initial step in the
reaction mechanism involves the complexation of the cat-
alyst with the substrate. Figure?2 illustrates three potential
pathways for the complexation of trimeric palladium acetate
[Pd(OAc);]3 with the substrate. All pathways are endergonic
due to the prior dissociation of the trimeric palladium acetate
[25]. Among the three possibilities, complexation through
the methoxy oxygen is the least favorable, with int1_C being
5.1 kcal.mol~! and 6.5 kcal.mol ! less stable than the int1_A
and intl_B, respectively. Conversely, the complex intl_A
resulting from the complexation of the nitrogen with the
palladium can undergo N-H activation to form intermediate
int2_A. The unfavorable deprotonation of the N-H bond is
facilitated by the strong binding of the nitrogen to palladium
[59], resulting in a more stable intermediate than intl_A. In
this context, complex int2_A formed after the N-H activation

int2_A intl_ A intl_B
1/3[Pd,(0AG,);]
o 0 + )y~NOMe
o H
0, Ny 'OMe 0.,
0. ,N—OMe NP - H o :
,__< Pd ’< ,Pd\ i Pathway A N. Pathway B ”< ,Pd\
RN (6] (e} [} OMe (6] [o) (6]
0" “o_ OH
Y 1 °
17.6 19.7 0.0 18.3
(10.3) (10.3) (0.0) (12.7)
Pathway C
intl_C
o
N-H
o 7’
< ~Pd’o\l"le
o\
O0_o
24.8
(18.2)

Fig.2 Complexation of palladium acetate with the substrate. In Path-
way A, the complexation occurs through nitrogen; in Pathway B,
through carbonyl oxygen; and in Pathway C, through methoxy oxygen.

Relative free energies (electronic energies in parentheses) with respect
to separate reactants are given in kcal.mol ™!
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is 0.7 kcal.mol~! more stable than complex intl_B, which
forms through complexation with the carbonyl oxygen.

As the free energy difference between int2_A and int2_B
is not pronounced enough to decide which pathway to fol-
low, further investigations about the C—H activation step were
conducted. It became evident that relying solely on thermo-
dynamic analysis is insufficient; therefore, it is necessary
to calculate the associated transition states and their corre-
sponding activation energies. Figure 3 depicts four transition
states for C—H activation with different atoms complexed
with palladium. As expected, the transition state in which
the methoxy oxygen acts as a directing group has the higher
energy barrier, with a value of 52.7 kcal.mol~!. However,
despite the small difference between intl_B and int2_A
energies, an analysis of the C—H activation transition states
reveals that the activation barrier of TS2_B is 4.4 kcal.mol !
higher than the barrier to TS2_A, as shown in Fig.3. Due
to this high activation barrier for TS2_B, the pathway B,
where carbonyl oxygen acts as a ligand, can be discarded.
As a result, we proceed with pathway A as proposed in
the literature [20]. Additionally, Fig.3 indicates that a prior
N-H activation is necessary, since TS2_A’ (the transition
state without the previous N—H activation) has a barrier 9.4
kcal.mol ™! higher than TS2_A. The transition state for N-H
activation requires a barrier of 20.6 kcal.mol~! concerning
the separated reactants, which is only 0.9 kcal.mol~! and 3.0
kcal.mol~! hi gher than the energies of intl_A and int2_A,
respectively. This result suggests the potential reversibility
of the N—H activation process under the considered condi-
tions between intl_A and int2_A due to the low forward and
reverse barriers of TS2_A (see Fig.4). In addition, we have
also calculated TS2_B and TS2_C with the amide nitrogen
deprotonated. In these cases, the energy of the deprotonated
transition states is higher than that of the protonated TSs (see
Fig. S1).

All the transition states presented in Fig.3 occur via
the concerted metalation-deprotonation (CMD) mechanism
[32], in which the deprotonation of the C—H bond by the
acetate and the formation of the Pd—C bond happen in a
concerted way. While this mechanism has been extensively
explored in the literature as more plausible to occur [29-35],
we also investigated activation via oxidative addition and via
o -bond metathesis. The results show that both pathways have
higher barriers than CMD (Fig. S1). Recognizing the impor-
tance of the preceding N—H activation step and following the
pathway A illustrated in Fig. 1, the free energy profile for
the Pd(Il)-catalyzed annulation of N-methoxy amides and
arynes is shown in Fig.4. The optimized structures of the
key transition states are provided in Fig.5.

As outlined above, the initial step in the reaction mech-
anism is the N-H activation which occurs through the

@ Springer

transition state TS1 to give int2. An exergonic ligand
exchange between acetic acid and acetonitrile takes place
from int2 to int3. Whenever possible, we calculated the inter-
mediates with acetonitrile coordinating to the metal rather
than acetic acid. This choice was made because acetonitrile
serves as the reaction solvent and is present in much higher
concentrations than the acid (see SI for more details). The
subsequent C(spz)—H activation, denoted as TS2, was cal-
culated to be 31.9 kcal.mol~! above the separated reactants,
with an energy barrier of 20.2 kcal.mol™! relative to int4.
From int5 to int6, there is another ligand exchange, replac-
ing the remaining acetic acid with the aryne. Subsequently,
aryne insertion into int6 gives rise to int7 through TS3. Fol-
lowing, a new coordination of AcOH with the metal yelds
int8. While the direct barrier of TS3 is only 5.7 kcal.mol™ !,
the reverse barrier is 48.8 kcal.mol™!, indicating that this
transformation is largely exergonic and irreversible.

At this point, two possibilities emerge: nucleophilic addi-
tion to the carbonyl group or reductive elimination (RE) to
yield the lactam. Figure 6 depicts these two pathways. The
black pathway represents nucleophilic addition, preceded
by the nitrogen of the N-methoxy group’s protonation by
AcOH. The transition state for this proton transfer is only
0.4 kcal.mol !, indicating a rapid process. This is followed
by a ligand exchange between nitrogen and carbonyl oxygen,
leading to int10 with a 1.1 kcal.mol~! barrier. In the nucle-
ophilic addition transition state (TSS), the palladium-bound
carbon atom attacks the carbonyl group nucleophilically,
with a C—C bond length of 1.99 A.

Alternatively, the red pathway begins with an AcOH-
acetonitrile ligand exchange to form int9-RE. Lactam forma-
tion necessitates a reductive elimination from int9-RE, but
its energy barrier (TS-RE, 28.7 kcal.mol™!) is higher than
the nucleophilic addition barrier (26.8 kcal.mol 1) relative
to int8. This computational result favors the black pathway,
explaining the ketone product instead of the azacycle.

In order to comprehend the factors influencing these reac-
tion barriers, we conducted calculations on the reductive
elimination and nucleophilic addition transition states using
the substrate employed in Pimparkar and Jeganmohan’s study
(Scheme 2 a) [18]. The primary distinction between the
substrate utilized by these authors and the one discussed
in our study lies in the absence of an additional carbon
atom between the benzene ring and the carbonyl group.
Consequently, a more stable six-membered ring forms in
their reductive elimination transition state, as opposed to the
less stable seven-membered ring in our system, attributable
to ring strain. Our calculations confirm this, with a sig-
nificantly lower energy barrier for reductive elimination
in their reaction (16.2kcal.mol™!). On the other hand, the
nucleophilic addition transition state involving Pimparkar’s
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Fig.3 C-H activation transition TS2_A' TS2_A TS2_ B TS2_C
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substrate exhibits an energy barrier of 30.3 kcal.mol™!, elu-
cidating the formation of lactam in their experiment. These
findings suggest that the additional carbon atom disfavors
C-N bond formation while promoting C—C bond formation,
ultimately preventing the lactam product in our case (Scheme
2b).

Finally, following the nucleophilic addition pathway
(black path) in Fig.6, the nucleophilic addition transition
state (TS5) leads to the formation of intermediate int11. As
shown in Fig. 4, int11 features a fully formed C—C bond. Fol-
lowing nitrogen protonation in int13, C-N cleavage occurs,
resulting in the final product and regenerating the catalyst.
The energy barrier for this process is only 1.3 kcal.mol~!
relative to int13. The calculated Gibbs free energy for the

annulation of N-methoxy amides and arynes reaction is
—79.8 kcal.mol ™!, indicating a highly exergonic reaction.

In order to verify what is the more important reaction step,
the energy span model developed by Kozuch and Shaik [60]
was applied to the Gibbs free energy profile. As expected,
the results indicate that the C—H activation transition state
(TS2) serves as TOF-determining transition state (TDTS),
while the reactants (1/3[Pd(OAc);]3 + substrate) acts as
the TOF-determining intermediate (TDI). Consequently, the
calculated energetic span (SE), interpreted as the apparent
activation energy of the cycle, is 31.9 kcal.mol~!, contribut-
ing to a TOF of 2.81 - 1072471,

The substituents effect and the eCMD mechanism Given
the significance of the C—H activation step in this reaction,
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Fig.5 Optimized transition
state structures for the
palladium(II)-catalyzed
N-methoxy amide and aryne
annulation reaction at the
MOG6L/Def2-SVP level of theory.
Key bond lengths are shown in
A. Relative Gibbs free energies
(AG) for the transition states are
given at the MO6L/Def2-
TZVP//MO6L/Def2-SVP level
of theory in kcal.mol ™!

-19.7 -37.0
we examine the impact of various substituents on the aro-  tal data deviates from the standard CMD mechanism since
matic ring, focusing on how these changes reflect in the  electron-withdrawing groups decrease the reaction yield.
mechanism of interest. As discussed earlier, the experimen-  In this context, the computational results align with the

Fig.6 Relative Gibbs free
energy profiles (in kcal.mol~!)
for the nucleophilic addition
(black path) versus reductive
elimination (red path) processes
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Scheme 2 (a) Reaction (a)

developed by 0
Pimparkar/Jeganmohan Team

[18]. *1-adamantanecarboxylic N
acid. (b) Reductive elimination . H

and nucleophilic addition

transition states to the substrate (b)
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experimental data, revealing a consistent trend. A linear rela-
tionship between the sigma constants and the calculated rate
for a substituted aromatic ring in comparison to the non-
substituted ring during the TS2 step is observed (Fig. 7). The
obtained slope (p = —2.20) indicates a moderate increase in
positive charge on the aromatic system during the reaction.

Similar results have been reported for other concerted,
base-assisted C—H cleavage reactions, which represent excep-
tions to the rules [61-63]. This reaction, following a SgAr
reactivity trend, explores a different region of the contin-
uum of C—H activation mechanisms proposed by Gorelsky,
Fagnou, and Lapointe [64]. This continuum accounts for

-NH
p. 2

| |
p-OMe

2.5 1

2.0

1.5

1.0

log(kr/kH)

0.5 1

0.0 1

—0.5 1

—1.0 1

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Omip

Fig.7 Hammett analysis of substituted N-methoxy amides during C—-H
activation. Activation energies correspond to TS2

exceptions to the ‘“classic” CMD mechanism, including
S Ar stepwise-type mechanisms.

Substituent studies guided by other computational tools
suggest a base-assisted internal electrophilic substitution
type (BIES), recently abbreviated as an electrophilic CMD
(eCMD) mechanism that falls toward the SgAr pole. This
mechanism is characterized by an advance in metal-carbon
bond formation prior to carbon-hydrogen bond cleavage [47].
Reactions that demonstrate this behavior, although tending
toward arenium ion formation, conserve aromaticity.

In order to unravel the tendencies of bond breaking/forming,
Wiberg bond orders derived from the C—H activation transi-
tion states were employed to construct a More O’Ferrall-
Jenks plot (Fig. 8) [65, 66]. In the lower regime lies a CMD
mechanism, which favors acidic protons due to the better sta-
bilization of a negative charge accumulated on the substrate.
The upper side contains an eCMD mechanism, benefiting
electron-rich substrates.

As depicted in Fig. 8, all data collected in the substituent
effect study fall within the range of the eCMD mechanism.
The More O’Ferrall-Jenks analysis indicates that substitu-
tions have a limited impact on the C—H bond breaking, as the
C-H Wiberg bond index varies between 0.41 and 0.44. In
contrast, the substituents have a more pronounced effect on
the Pd—C Wiberg bond index (0.44—0.57), where electron-
withdrawing substituents favor early Pd—C bond formation,
while electron-donating groups favor late Pd—C bond forma-
tion.

The crucial point is that any of the substrates significantly
changes the nature of the activation, as observed in other
works in the literature [46-50]. Additionally, a NBO analy-
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Fig.8 More O’Ferrall-Jenks _ ®
plot for C—H activation Ar—H Af H
transition state with various Pd—OAC Pd—OAC
substituents groups. See Table
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sis was conducted to check the built charge on the aromatic
ring and on the catalyst during the transition state (Fig.9).
The analysis revealed that electron-donating groups stabi-
lize the transition state due to their capability to transfer
charge from the aromatic system to the metal. In contrast,
electron-withdrawing groups destabilize the transition state
by dispersing charge throughout the whole structure.

It is important to mention that, while the formation of
the Pd—C bond plays a pivotal role in the reaction, the sig-
nificance of C—H bond cleavage is still maintained. This is
highlighted by the calculated deuterated kinetic isotope effect

(KIE) of 3.81, which signifies a primary KIE in the con-
certed C—H activation and Pd—C bond formation mechanism.
The value falls within the common range for both CMD and
eCMD mechanisms [47].

Conclusions

The mechanisms for the palladium(II)-catalyzed annulation
of N-methoxy amides and arynes were studied by means
of density functional theory. The results indicate that the

300 A
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200 4

NBO charge
=
w
o

100 A

50 1

-

Op

Fig.9 NBO analysis for the C—H activation transition state with different substituents groups
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amide nitrogen serves as a better-directing group than the car-
bonyl oxygen and methoxy oxygen. Therefore, the reaction
mechanism is suggested to proceed through Path A (Fig. 1).
In contrast to reactions involving nitrogen-containing sub-
strates, the desired lactam product does not form. This
outcome is attributed to the higher barrier required for
reductive elimination to form the C-N bond compared to
the nucleophilic addition transition state (TSS). The results
further suggest that reductive elimination is hindered by
the formation of an unstable seven-membered ring in the
transition state, whereas reductive elimination leading to a
six-membered lactam occurs with a more accessible barrier.

Additionally, an energy span model analysis revealed
that the C—H activation transition state (TS) acts as the
TOF-determining transition state (TDTS). Consequently, a
substituent effect study was conducted in this step. Anal-
yses based on NBO, Hammet, and More O’Ferrall-Jenks
methodologies suggest that the C—H activation step proceeds
through an electrophilic concerted metalation-deprotonation
mechanism (eCMD). Computational data indicates that
electron-withdrawing groups increase the transition state bar-
riers, aligning with experimental data that demonstrate lower
yields for electron-poor substrates compared to those con-
taining electron-donating groups.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00894-024-05930-
3.
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