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As a general mechanism proposal, a Pd(i)—H migration insertion process is not able to well explicate the Pd-
catalyzed hydroamination of amines and 1,3-dienes. Here we demonstrate that 1,3-dienes form electron-
neutral and HOMO-raised n2-complexes with Pd(0) via m-Lewis base activation, which undergoes
protonation with a variety of acidic sources, such as Bronsted acids, Lewis acid-activated indazoles, and
Pd(i) pre-catalyst triggered ammonium salts. The resultant 7-allyl palladium complexes undergo the
amination reaction to give the final observed products. FMO and NPA analyses have revealed the nature
of Pd(0) mediated m-Lewis base activation of 1,3-dienes. The calculation results show that the m-Lewis
base activation pathway is more favourable than the Pd(i1)—H species involved one in different reactions.
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Introduction

. . . . . . a) Pd-catalysed hydroamination of 1,3-diene
The hydroamination reaction of 1,3-dienes provides an efficient @ y y

protocol to access densely functionalized chemicals which are [Pd] NR;
widely applied in natural product synthesis, medicinal chem- s R

istry, and materials science." Over the past few decades, tran- R e e L R L e LR R EEEEEREED
sition metal catalysis has been extensively explored in this field . RN + Me
owing to its success in controllable selectivity and extensive Pd’Ln 7T' Ln—Pd"'—H ———> Ln—Pd"

product scope.” In particular, Pd catalysis has received broad :
attention because of its high efficiency, mild conditions, and 5 T A\j -

remarkable enantiocontrol.?
The general proposed mechanism of Pd-catalyzed hydro-

amination of 1,3-dienes is described in Scheme 1a.* The N R ... .....Pd-H species involved mechanism
oxidative protonation of Pd(0) with an ancillary Bronsted acid =~ = ~--eemmmmmmmm e
generates Pd(u)-H species, from which migratory insertion (b) n-Lewis base activation mode of 1,3-diene by Pd(0)

affords the key m-allyl palladium complex. The outer sphere ~E
attack of amine results in C-N bond formation and regenerates /'T'{=

the Pd(0) catalyst. The Pd(u)-H species are generally regarded as R Pfdo

the crucial intermediates in the catalytic cycle. However, the HOMO-raised
Pd(u)-H species have not been directly observed yet by experi- complex

mental findings due to their thermodynamic instability.
(c) n-Lewis base activation mode in Pd-catalysed hydroamination
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Theoretical investigation also suggested that the formation of
Pd(un)-H species would be kinetically infeasible under the re-
ported catalytic conditions.® Indeed, these observations cast
a shadow on the mechanism study of Pd-catalyzed hydro-
amination of 1,3-dienes.

Alternatively, Pd(0) can directly activate 1,3-dienes through
back donation.® Our previous work indicated that the highest
occupied molecular orbital (HOMO) energy of a n*>-coordinated
Pd(0)-diene complex is significantly raised compared with the
parent one.” It directly enhances the nucleophilicity of 1,3-
dienes to attack electrophilic partners in a Friedel-Crafts reac-
tion pattern (Scheme 1b). As a result, we speculated that a -
Lewis base activation mode might be similarly involved in the
reported Pd-catalyzed hydroamination of 1,3-dienes (Scheme
1c). In this catalytic mode, Pd(0) would coordinate with 1,3-
dienes and raise the electron density of unsaturated bonds,
which would accelerate the protonation process with diverse
acidic sources in a vinylogous manner to generate the key -allyl
palladium complexes.

Recently, Chen and co-workers reported a Pd(0)-catalyzed
regiodivergent hydroamination of isoprene and indazoles,®
which could give the N>-functionalized product 3a with the
assistance of Bronsted acid ("BuO),PO,H (Scheme 2a). Instead,
Lewis acid BEt; could facilitate this reaction to produce N'-
functionalized product 3b (Scheme 2b). Moreover, Malcolmson
and co-workers demonstrated that the hydroamination of
aliphatic amines and 1,3-dienes could be catalyzed by the
cationic Pd(u)-m-allyl catalyst without additional acid (Scheme
2¢).? In addition, the more accessible neutral [Pd(m-allyl)Cl],
catalyst was also sufficient to mediate similar hydroamination
reactions.””'® These results show that the Pd-catalyzed hydro-
amination of dienes could occur whether there is a Brgnsted
acid or not, which implies that there is an alternative activation
model beyond the Pd(u)-H migration insertion process. Herein,
we reported a mechanism study for Pd-catalyzed hydro-
amination of 1,3-dienes and found that the w-Lewis base acti-
vation model is more favourable than the Pd(u)-H migration

(a) Brensted acid mediated hydroamination

L (5 mol%), Pd(P'Bus)y,
A 5 'PrOH, 80°C, 18 h N
A + N N . 2
N1 ("Bu0),PO,H (50 mol%) \l/l\
H

1 2

(b) Lewis acid mediated hydroamination

L (5 mol%), Pd(P'Bus),,

N 2 i o N
Y\ . N PrOH, 80°C, 24 h N7
N1 ﬁ)\

N BEt, (75 mol%)
1 2 3
(c) Cationic Pd()-catalyzed hydroamination
[Pd(n®-C3Hs)Cl], (2.5%mol)
PN+ @Q\‘H L (5 mol%),
CH,Cl,, 0°C, 3 h N

4 5 6% mol AgBF,

Scheme 2 Representative Pd-catalyzed hydroamination of 1,3-diene.
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insertion process. In this mechanism, Pd(0) complex activated
1,3-dienes could react with different kinds of electrophilic
partners (acids) including phosphoric acid, Lewis acid-activated
indazoles, and Pd(u) pre-catalyst triggered ammonium salts.
Importantly, according to these results, we updated the previ-
ously reported [Pd(w-allyl)Cl], catalyzed hydroamination of 1,3-
dienes with pyrazole, and obtained an increased yield with
higher efficiency by using catalytic amounts of Pd(0) and pyr-
azole hydrochloride.

Computational methods

In this work, all of the density functional theory (DFT) calcula-
tions were performed by using Gaussian 09 '* software pack-
ages. The B3LYP" function together with the 6-31G(d)** basis
set (SDD" basis set for Pd) was used for the geometry optimi-
zation and frequency analysis. Vibrational frequency calcula-
tions were performed for all the stationary points to confirm if
each optimized structure is a local minimum or a transition
state structure, as well as deriving the thermochemical correc-
tions for the enthalpies and free energies. The intrinsic reaction
coordinate (IRC) path was performed to check the energy
profiles connecting each transition state to two associated
minima of the proposed intermediates.”® After optimization,
the B3LYP-D3 ** function with the 6-311++G(d,p) basis set (SDD
basis set for Pd) was used to calculate the single-point energies
to give more accurate energy information. Besides, the solvent
effect was considered by single-point calculations at the gas-
phase stationary points with the SMD solvation model."”
When obtaining the relative Gibbs energy at 298 K, a correction
of —2.6 (or 2.6) keal mol~ " was performed for the trans-
formation involving two molecules to one molecule (or one
molecule to two molecules), to reduce the overestimation of
entropy contribution.™ Optimized structures were illustrated by
using CYLview."

Results and discussion

We first considered the mechanism of Brgnsted acid ("BuO),-
PO,H mediated Pd(0)-catalyzed hydroamination of isoprene.®
The whole catalytic cycle could be divided into two parts: (1) the
generation of the Pd(u)-w-allyl complex; (2) outer sphere
reductive elimination guided C-N bond formation. As shown in
Fig. 1, the catalytic cycle starts from the isoprene coordinated
Pd(0) complex 7. The Pd(u)-H species involved oxidative
addition/migration insertion path was illustrated in the red line
with a corresponding energy barrier of 10.7 keal mol ™" (via 12-
ts). On the other side, the m-Lewis base activation pathway
proceeds via 8-ts to afford Pd(u)--allyl complex 9 directly (black
line). In contrast, the corresponding energy barrier is only 2.0
kecal mol ", which is 8.7 kcal mol~" lower than that of the Pd (i)~
H species involved pathway. Moreover, the ligand-to-ligand
hydrogen transfer (LLHT) process was also considered (green
line),*#*° and the corresponding energy barrier is up to 23.8 kcal
mol ™" (via 15-ts). These results indicated that m-Lewis base
activation is energetically favourable in this Brensted acid
mediated Pd(0)-catalyzed hydroamination of dienes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction energy profile of the phosphoric acid-mediated Pd-catalyzed hydroamination of indazoles and isoprene.

When the Pd(u)-w-allyl complex 9 is formed, the subsequent
outer sphere reductive elimination results in the C-N bond
formation via 10-ts with an energy barrier of 26.6 kcal mol " in
the presence of indazoles. Product 3a was released after the
subsequent ligand exchange, in which the active intermediate 7
was concomitantly regenerated. Calculated results showed that
reductive elimination is the rate-determining step in the cata-
lytic cycle. The generation of Pd(u)-w-allyl complex 9 via the -
Lewis base activation pathway is a reversible process. Previously
observed deuterium incorporation at both the two methyl
groups and terminal position of alkenes in deuterium-labeled
experiments® validated our computationally predicted pathway.

Next, we turned to investigate the nature of Pd(0) mediated
7-Lewis base activation of isoprene. As depicted in our afore-
mentioned 7-Lewis base activation mode (Scheme 1b), when
the 1,3-diene coordinates to Pd(0), the electron flows to the 1,3-
diene from the electron-rich Pd(0) center through back dona-
tion, resulting in the increase of HOMO energy for the n’-
coordinated Pd(0)-diene complex as well as the enhancement of
electron density for the 1,3-diene moiety. To validate this
theory, we conducted frontier molecular orbital (FMO) and
natural population analysis (NPA). As shown in Fig. 2a, the
HOMO energy of isoprene 1 is —6.47 eV. The HOMO energy of
the n*-coordinated Pd(0)-isoprene complex 7 is —4.64 eV, indi-
cating a significant increase in the HOMO energy. The HOMO of
7 is a d-orbital of Pd, which is substantially polarized toward the
diene moiety corroborating the back donation. In the diene
moiety of 7, the HOMO is mainly located at the distal carbon

© 2023 The Author(s). Published by the Royal Society of Chemistry

atom indicating the vinylogous activation of isoprene. The
computed Mulliken charge of the PdL fragment in 7 is +0.08,
indicating charge transfer from PdL to the diene (Fig. 2b).

4

PdOui
S —

electron
flow

P

7 HOMO -4.64 eV

e(PdL): 0.08

e(PdL): 0.29
e(diene): -0.08 e(diene-acid): -0.29

7 8-ts 7

Fig. 2 (a) Calculated frontier molecular orbitals of 1 and 7. (b) Opti-
mized structures and Mulliken charge distribution of 7 and 8-ts.
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Fig. 3 Interaction between indazoles with BEts. The values in paren-

theses represent relative energy which is given in kcal mol™.

Meanwhile, the more considerable amount (0.29¢) of charge
transfer in transition state 8-ts further verifies the m-Lewis base
activation mode.

For the Lewis acid BEt; mediated Pd(0)-catalyzed hydro-
amination of indazoles and isoprene, N*-functionalized product
3b was generated (Scheme 2a). Firstly, we investigated the
mechanism proposed in a previous report, in which a small
amount of BEt; was expected to undergo oxidative addition with
Pd(0) and the subsequent hydride elimination to deliver the
Et,B-Pd(u)-H species.>** However, calculated results showed
that the activation energy of this pathway is extremely high,
which is hard to occur under these reaction conditions (see the
ESI for details, Fig. S31). Thus, we turned to consider the
essential role of BEt;. As shown in Fig. 3, the combination of
indazole 2 and BEt; could generate the Lewis acid-base adduct
16 which is 2.3 keal mol " exothermic. The tautomer 16-iso was
also considered, but it is 5.1 kcal mol " endothermic compared

[ AG kcal/mol
N + P/\ t
R P 2P
P Pd
L Lo,
i K
=N N
/N "BEts 20-ts ©/\,/N
27.0
17-ts /. 19-ts
II,‘
/7 19-ts
/
1 /2438
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with 16. Meanwhile, the predicted pK, of the N-H bond in 16 is
7.3, which is much lower than that of 1a (pK, = 18.9). It indi-
cates that the acidity of the N-H bond in 16 is significantly
enhanced in the presence of BEt;. Therefore, we anticipated
that 16 could act as an electrophilic partner to drive the catalytic
cycle of this Pd(0)-catalyzed hydroamination via m-Lewis base
activation.

As shown in Fig. 4, three possible pathways were considered: (1)
BEt; mediated m-Lewis base activation (path A: black line); (2)
m-Lewis base activation with non-activated indazole (path B: blue
line); (3) the oxidative addition of Pd(0) with the N-H bond (path
C: red line). The activation energy of path A (via 17-ts) is 10.4 kcal
mol ' lower than that of path B (via 19-ts). This result correlated
with the acidity difference of the N-H bond in 1a and 16,
indicating the significant acceleration of BEt; in the 7v-Lewis base
activation pathway. Moreover, the energy barrier of 20-ts (path C) is
the highest and up to 27.0 kcal mol ", which suggests that the
indazole is insufficient to oxidize Pd(0) directly even under the
assistance of BEt;. The subsequent outer sphere reductive
elimination results in the C-N bond formation via 18-ts with an
energy barrier of 18.9 kcal mol ™" in the presence of BEt; stabilized
indazole anion 21. These results suggested that the m-Lewis base
activation pathway is more favourable in this Lewis acid-mediated
case, which lets the Pd-catalyzed hydroamination of 1,3-dienes
become a reality in the absence of a Brgnsted acid.

It is also noteworthy that the functionalization of the N'- or
N2-position in indazole could be governed by acid co-catalysts.®
As shown in Fig. 5a, 1H-indazole 2 or 2H-indazole 2-iso could be

N\ =
P P
ﬂ * ‘Bu=p  P+Bu!
}Dd/ BU ‘Bu
SNy | e ’
H---N=
5-N
EtsB~N~/ ™ :
P\+IP
20-ts Pd
J
‘\
N -
N\ -BEts
18-ts =

|<—BEt3 mediated n-Lewis base activation —>|-7 Reductive elimination —>|

Fig. 4 Reaction energy profile of the Lewis acid-mediated Pd-catalyzed hydroamination of indazoles with isoprene.
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Fig. 5 Origin of the N!- and N2-selectivity for (a) phosphoric acid-mediated hydroamination and (b) Lewis acid-mediated hydroamination. AG*
in this figure is in kcal mol™* with respect to the corresponding Pd(i)-7c-allyl complex.

employed as a nucleophile in the reductive elimination step for
the phosphoric acid-mediated system. The energy barrier of N-
functionalization (via 10-ts) is 3.2 kcal mol " lower than that of
N'-functionalization (via 10-ts-iso), which is correlated with the
energy difference between 2 and 2-iso. It indicates that the N°-
selectivity is determined by the stability of nucleophiles. In
contrast, BEt; stabilized indazole anion 21 and 21-iso were
employed as nucleophiles in the BEt;-mediated system. 21 and
21-iso exhibit almost the same stability (Fig. 5b). The N'-selec-
tivity is determined by the less steric hindrance between BEt;
and the ligand in 18-ts. These results suggest that the N'- and
NZ-selectivity would be ascribed to the different nucleophiles
involved in reductive elimination steps. The predicted selec-
tivity is consistent with experimental observation.

Besides these hydroamination reactions using a Brensted
acid or Lewis acid as an additive, the cationic Pd(u)-r-allyl
catalyst could achieve the hydroamination of aliphatic amines
with 1,3-dienes without an additional acid.® The ammonium
salt, which is generated through outer sphere amine attack of
the cationic Pd(u)-w-allyl catalyst, was considered as an initial
electrophile to drive the catalytic cycle. As depicted in Fig. 6,
starting from cationic Pd(u)-m-allyl complex 22, the reductive
elimination results in the C-N bond formation via 23-ts with an
energy barrier of 16.8 kcal mol . The subsequent ligand

© 2023 The Author(s). Published by the Royal Society of Chemistry

exchange affords the diene-coordinated Pd(0) complex 25 in the
presence of phenylbutadiene 4. The activation energy barrier of
the Pd(u)-H species involved pathway (via 27-ts) is 4.9 kcal
mol " higher than that of the 7-Lewis base activation pathway
(via 26-ts). Thus, it further verified the generality of the w-Lewis
base activation mode in Pd-catalyzed hydroamination
reactions.

In addition, the neutral [Pd(r-allyl)Cl], could also promote
the hydroamination reaction of pyrazole and phenylbutadiene
in 80% yield after 24 hours (Fig. 7a).?> Calculated results showed
that the generation of pyrazole hydrochloride from [Pd(7-allyl)
Cl], is more favorable than that of allyl chloride (Fig. S77). Based
on these results, we inferred that the pyrazole hydrochloride
generated through reductive elimination of the catalyst with
pyrazole could serve as an initial electrophile in the m-Lewis
base activation mode. Subsequently, we conducted the reaction
by using Pd(0) (Pd,(dba)z;, 5 mol%) and pyrazole hydrochloride
(10 mol%) as catalysts (Fig. 7b). To our delight, this reaction was
nearly completed in 5 hours giving hydroaminated product 31
in an increased yield of 87%. Extending the reaction time to 24
hours could obtain a slightly higher yield of 92% (86% isolated
yield). In addition, the reaction did not work in the absence of
pyrazole hydrochloride (Fig. 7c), which emphasized the critical
role of the catalytic amounts of pyrazole hydrochloride.

Chem. Sci., 2023, 14, 4597-4604 | 4601
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Fig. 6 Reaction energy profile of the cationic Pd(i)-m-allyl mediated Pd-catalyzed hydroamination of aliphatic amine with 1,3-diene.

Moreover, when the BF; additive (1.0 equiv.) was added, the

2 ; B
n [Pdn®CHe)Clalz (5 mol%) QN neutral [Pd(w-allyl)Cl], catalyzed hydroamination of indazole 2
PN ¢ SN DPEphos (15 moPk) A)\ was completely quenched at 23 °C or 80 °C. We speculate that
B CPME, 23°C, 24 h Ph . L
% G . 3160 %) the combination of 2 and BF; generates Lewis acid-base adduct
4 ; : o . o .
5 QI;I\H__ i 33. So the reductive amination of indazole 2 and [Pd(-allyl)Cl],
PR o was inhibited, and the active Pd(0)-intermediate cannot be
enerated to realize the catalytic process. Meanwhile, the
b) Pdy(dba)s (5 mol%) L/_\\N & . ) ytie p 7
« F\N DPEphos (15 mol%) NG control trial (Fig. 7e) showed that the corresponding trans-
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catalyzed hydroamination. °The yield was determined by *H-NMR with ~ Fig. 8 Proposed catalytic cycle for Pd-catalyzed hydroamination of
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additive only intervenes in the reductive amination process. On
the other hand, it can facilitate the Pd(0)-catalyzed hydro-
amination as a Lewis acid co-catalyst, which is also realized in
Chen's report.® These indicate that the enhanced electrophi-
licity of pyrazole hydrochloride might be the key reason to react
with the Pd(0) activated 1,3-diene and promote the catalytic
process.

Based on the aforementioned results, the proposed catalytic
cycle for Pd-catalyzed hydroamination of 1,3-dienes was there-
fore constructed. The whole catalytic cycle could be divided into
two parts: (1) m-Lewis base activation mediated Pd(u)-r-allyl
complex generation; (2) outer sphere reductive elimination
guided C-N bond formation. As shown in Fig. 8, the coordina-
tion of 1,3-dienes to Pd(0) affords the n*-coordinated complex
II, in which the electron density for the diene moiety is
enhanced and the HOMO energy of II is raised through back
donation. Thus, the Pd-m-allyl complex IV could be generated
directly after protonation. Ultimately, the reductive elimination
releases the hydroaminated product and regenerates the Pd(0)
catalyst.

Conclusions

In summary, we performed a mechanism study on Pd-catalyzed
hydroamination of 1,3-dienes. Our mechanistic study showed
that the Pd(0)-complex activates 1,3-dienes through back
donation via a m-Lewis base activation mode. Thus the Pd(0)
coordinated 1,3-dienes could react with diverse acidic sources
to generate the Pd-m-allyl complexes, in which the unstable
Pd(un)-H species were avoided. FMO and NPA analyses illus-
trated the increase of HOMO energy for the n*coordinated
Pd(0)-diene complexes and the enhancement of electron density
for the diene moiety, which revealed the nature of Pd(0) medi-
ated Tt-Lewis base activation of 1,3-dienes. Calculated results
indicated that the m-Lewis base activation pathway is more
favourable than the Pd(u)-H species involved one in the related
Pd-catalyzed hydroamination of 1,3-dienes. Different electro-
philes including phosphoric acid, Lewis acid-activated inda-
zoles, and Pd(u) pre-catalyst triggered ammonium salts are
sufficient to serve as electrophilic partners. Moreover, further
control experiments corroborated our mechanistic proposal,
and a more efficient Pd(0) mediated hydroamination was
developed. We believe that this study will aid in the under-
standing of Pd-catalyzed hydroamination, and it will provide
a practical theoretical guide for further experimental
investigations.
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