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ABSTRACT: Utilization of main-group metals as alternatives t0  New complexes New applications

transition metals in homogeneous catalysis has become a hot research R R

area in recent years. However, their application in catalytic L—P‘Buz SN SR Rz ~ )\N _R"

hydrogenation is less common due to the difficulty in heterolytic / 7y Y @ H

cleavage of the H—H bond. Employing aromatization/de-aromatiza- \_— N_/MQFL N

tion metal—ligand cooperation (MLC) highly enhances the H, N R N \_Rz R-L )—RZ
N A Z

activation process, offering an efficient approach for the hydrogenation Ar N N
of unsaturated molecules catalyzed by main-group metals. Herein, we
report a series of new magnesium pincer complexes prepared using
PNNH-type pincer ligands. The complexes were characterized by
NMR and X-ray single-crystal diffraction. Reversible activation of H,
and N—H bonds by MLC employing these pincer complexes was developed. Using the new magnesium complexes, homogeneously
catalyzed hydrogenation of aldimines and ketimines was achieved, affording secondary amines in excellent yields. Control
experiments and DFT studies reveal that a pathway involving MLC is favorable for the hydrogenation reactions. Moreover, the
efficient catalysis was extended to the selective hydrogenation of quinolines and other N-heteroarenes, presenting the first example of
hydrogenation of N-heteroarenes homogeneously catalyzed by early main-group metal complexes. This study provides a new
strategy for hydrogenation of C=N bonds catalyzed by magnesium compounds and enriches the research of main-group metal
catalysis.

¢ Hydrogenation of aldimines, ketimines, and N-heteroarenes
#Magnesium catalysis ¢56 examples ¢ Up to >99% yield

H INTRODUCTION alkaline earth metals (Ca, Sr, and Ba) hydrides that exhibited
activity in the hydrogenation of various alkenes.**"® Recently,
group 1 and group 2 metal amides have been prepared for the
catalytic hydrogenation of challenging alkenes and extended to
imine hydrogenation.” In addition, cationic p-diketiminate
aluminum complexes were found to be efficient catalysts in the
hydrogenation of imines.'’ Several heterobimetallic systems
also exhibited capability in activation of H, and efficiency in
hydrogenation of alkenes and imines."' Very recently,
magnesium pincer complex-catalyzed semihydrogenation of
alkynes and hydrogenation of alkenes were reported by our
group.'” Despite continuous breakthroughs in the main-group
metal-catalyzed hydrogenation, it is not on par with the
classical transition metal catalysts. Thus, enriching the main-
group metal catalysis (especially by the abundant early main-
group metals) to broaden their application in hydrogenation is
still highly necessary.

Catalytic hydrogenation of unsaturated molecules by H, is one
of the most practical transformations in laboratory and
industry." Classic catalysts mainly rely on late transition metals
due to their efficiency in the cleavage of H,."” Due to the toxic
and costly characteristics, it is increasingly interesting to use
cheaper and more environmentally benign catalysts, such as
the first-row transition metal compounds and frustrated Lewis
pairs (FLPs).”~> However, as another large group of elements
in the periodic table, the main-group metals have received
much less attention in catalytic hydrogenation due to their lack
of partially filled d orbitals and the instability of many main-
group metal compounds, which largely impeded their
application in bond activation.” "> In the 1960s, simple
metal hydrides and inorganic bases were known as catalysts for
the hydrogenation of benzophenone, alkenes, and alkynes, but
harsh conditions were required.7 In 2008, Harder and co-
workers reported a f-diketiminate calcium hydride complex
and K, Ca, and Sr benzyl catalysts, providing relatively mild
conditions for the catalytic hydrogenation of conjugated
alkenes (Figure 1a).** Subsequently, Okuda’s group developed
the hydrogenation of non-activated alkenes catalyzed by
cationic calcium hydride complexes.”” Cheng et al. reported
the bulky penta-arylcyclopentadienyl ligand-supported heavy
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Figure 1. Overview of this work. (a) Representative main-group metal complexes for hydrogenation of unsaturated molecules. (b) Comparison of
the Mg(PNP) complex with the new Mg(PNN) complex. (c) This work, preparation of new magnesium pincer complexes, and their application in
reversible activation of H, and catalytic hydrogenation of the C=N bond.

In the specific area of hydrogenation, the reduction of imines (Figure 1b, left). To meet the requirement of C=N bond
by H, offers an atom economic approach to access amines hydrogenation, we speculated that using PNNH-type ligands
(hnear and cyclic).”” Although various catalysts based on can construct a more stable Mg(PNN) complex that may be
FLPs*® and sustainable metals®?><'%!1*41%15 have been compatible with amine products since the aromatized
developed to avoid using expensive and toxic metals, examples intermediate from the N—H bond activation would bear a
of using early main-group metals are scarce. belld 1n 2018, stronger covalent Mg—N bond, which can stabilize the
Harder’s group reported the first successful example of intermediate (Figure 1b, right).
hydrogenation of imines catalyzed by alkaline earth and alkali Herein, we report the preparation of a series of new
metal amides via a metal hydride mechanism.”> While this magnesium pincer complexes using PNNH-type ligands
system is active with aldimines and inefficient with ketimine (Figure I, left). The amine proton of the PNNH ligand was
substrates, further studies by the same group and by Pfaltz et replaced by magnesium, forming a new Mg—N covalent bond,
al. reported that substoichiometric amounts of LIHMDS and further stabilizing the complexes. The activation of H—H and
100 bar of H, were required to ensure high yield.” N—-H bonds via the MLC process was studied. Catalytic
Magnesium, in these cases, exhibited lower catalytic activity hydrogenation of various aldimines and ketimines was proved
than heavy alkaline earth metals. feasible, generating secondary amines in up to >99% yields

In recent years, magnesium compounds have emerged as (Figure 1c, right). A plausible mechanism involving an MLC
redox-neutral catalysts for a variety of reactions®'®™*° such as process is proposed on the basis of control experiments and
hydroamination,'” hydrosilylation,'® hydroboration,'” and DEFT studies. The developed catalytic system is also efficient in
dehydrocoupling. 2% However, the application in hydrogenation the selective hydrogenation of a variety of N-heteroarenes,
is still challenging because of its lower efficiency in activating generating cyclic amines in high yields.

the H-H bond.”"'*'"> Metal—ligand cooperation (MLC)
involving aromatization/de-aromatization of pincer metal W RESULTS AND DISCUSSION

complexes offers a versatile tactic for activating small Preparation and Characterization of Magnesium
molecules.”™*" Recently, we developed a series of de- Pincer Complexes. The aromatized magnesium bromide
aromatized (with a deprotonated side arm) magnesium pincer complex Mg-1a was prepared by the reaction of the PNNH-
complexes supported by PNP-, PNN-, and NNN-type type ligand (L1) with EtMgBr in Et,O (Figure 2a, left). A
ligands.'> We showed that a Mg(PNP) complex is capable of yellowish precipitate was formed after stirring the solution at
reversible heterolysis of H, via an MLC process and catalyzes room temperature for S h. The solid is soluble in THEF,
the hydrogenation of unsaturated C—C bonds, providing a new generating complex Mg-1a with a coordinated THF molecule.
strategy for enhancing the catalytic activity of magnesium The *'P{'"H} NMR spectrum of Mg-1a exhibits a singlet at
compounds. Nevertheless, the de-aromatized complex is 22.89 ppm, suggesting formation of an aromatized structure, in
incompatible with compounds that contain active protons, line with the reported chemical shifts in previous studies.'”**
such as amines, since the derived aromatized (with fully Two methylene (CH,) groups of the phosphine and amine
protonated side arms) intermediate from the N—H bond side arms were observed by 'H NMR, supporting the
activation is unstable due to the weakly coordinating aromatized structure. Single crystals of Mg-1a suitable for X-
phosphines of the (PNP)'Bu ligand and the magnesium center ray diffraction studies were grown at room temperature. X-ray
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Figure 2. Preparation and characterization of magnesium pincer complexes. (a) Procedures for preparing magnesium pincer complexes and the
obtained complexes. (b) Crystal structures of complexes Mg-1a (left), Mg-2a (middle), and Mg-2b (right). Selected hydrogen atoms were omitted
for clarity. Some groups were displayed as wireframes for clarity. Selected bond lengths (A) and angles (deg): (Mg-1a) Mgl—P1 2.8367(6), Mgl—
N1 2.1594(12), Mg1—N2 1.9939(13), Mgl—01 2.0554(12), Br—Mgl 2.5120(5), C1—C2 1.503(2), C6—C7 1.499(2), Br1-Mgl—01 99.83(4),
Br1—Mgl—N2 122.21(4), and Brl—Mgl—P1 99.047(17). (Mg-2a) Mgl—P1 2.7644(5), Mgl—N1 2.1086(10), Mgl—N2 2.0129(10), C1-C2
1.3857(16), C6—C7 1.5052(16), and N3—Mgl—N4 94.25(4). (Mg-2b) Mgl—P1 2.7335(4), Mgl —N1 2.0700(9), Mgl—N2 2.0151(9), C1-C2

1.3967(15), C6—C7 1.5155(14), and O1-Mgl1—03 90.91(3).

crystallography reveals that Mg-la is formed as a five-
coordinated complex, in line with many reported examples
(Figure 2b, left).'>'*%** The bromo group and the THF ligand
formed at a 99.8° angle (Br1—Mgl—01). The bond length of
Mgl1—N2 (1.99 A) is considerably shorter than that of Mgl—
N1 (2.16 A), suggesting the formation of a Mg—N covalent
bond between Mgl and N2, which differed from the reported
transition-metal complexes prepared by PNNH-type ligands
that possessed a free amine proton.”* It is noted that an
analogous aromatized structure was not observed in previous
PNP magnesium complexes, confirming that the covalent bond
between Mgl and N2 is crucial for stabilizing the aromatized
structure.

Next, an equivalent amount of base (NaHMDS) was added
to the THF solution of Mg-1a in order to deprotonate the side
arm and remove the bromo group. A white precipitate
gradually formed during the reaction, implying the generation
of sodium bromide. A singlet was observed at 3.15 ppm in the
3P{'H} NMR spectrum after the full consumption of Mg-1a,
revealing that the deprotonation only took place at the
phosphine side arm to generate a single product. Removing the
solvent provided thick oil, which is soluble in pyridine or
dioxane to yield the de-aromatized complexes Mg-2a and Mg-
2b with pyridine and dioxane, respectively, as additional
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ligands (Figure 2a, right). The *'P{'"H} NMR spectra of Mg-2a
and Mg-2b exhibit similar singlets at 2.66 and 3.35 ppm,
respectively. The chemical shifts suggest that they are de-
aromatized structures. The methine (CH) signals of the
phosphine side arms of Mg-2a and Mg-2b were observed at
3.69 (d, ] = 5.1 Hz) and 3.16 (d, ] = 4.9 Hz) ppm by 'H NMR.
X-ray crystallography of Mg-2a shows a considerably shorter
C1—C2 bond (1.39 A) compared to the C6—C7 bond (1.51
A), supporting its de-aromatized structure. Two pyridine
ligands are coordinated to the magnesium center at a 94.3°
angle, similar to that of aromatized Mg-1a. Likewise, a shorter
C1—C2 bond (1.40 A) compared to a C6—C7 bond (1.52 A)
can be observed in the X-ray structure of Mg-2b. Following
similar two-step procedures using L2 as a ligand, a de-
aromatized complex Mg-2c was obtained with two THF
ligands coordinated to the magnesium center. The *'P{'H}
NMR spectrum exhibits a singlet at 4.04 ppm, similar to that of
Mg-2a and Mg-2b. The 'H NMR spectrum exhibits a
characteristic doublet at 3.55 ppm (J = 5.2 Hz, 1H) and a
singlet at 4.43 ppm (2H), which are assigned to the methine
(CH) and methylene (CH,) of the phosphine side arm and
amine side arm, respectively, confirming the de-aromatized
structure. Signals assigned to two THF ligands were also
observed by 'H NMR, supporting the structure of Mg-2c. It

https://doi.org/10.1021/jacs.3c01091
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Figure 3. Studies of H, (D,) and amine activation by de-aromatized complexes. (a) Formation of Mg-3 by the reaction of Mg-2a and Mg-2b with
H,. (b) Formation of Mg-3-D by the reaction of Mg-2a and Mg-2b with D,. (c) Proposed pathway for the reversible activation of D, by Mg-2a.
(d) Control experiments to confirm that H, is required for the generation of Mg-3. (e) Conversion of Mg-3 to de-aromatized complexes and the

free ligand and activation of D, by Mg-3. (f) Activation of the N—H bond by Mg-2a.

should be mentioned that Mg-2c is less stable than Mg-2a and
Mg-2b, possibly due to the lower steric hindrance of the
anilido ligand. In addition, a one-step procedure to access the
de-aromatized complexes from ligands L1 and L2 was
developed by using "Bu,Mg as a precursor. The deprotonation
occurs by the generated butyl ligand, avoiding the use of an
additional base and generating 2 equiv of butane as the only
byproduct. Following this procedure, Mg-2b and Mg-2c were
obtained at room temperature using dioxane or THF as
solvents. However, a trace amount of de-aromatized product
originating from deprotonation of the amine side arm was
observed by NMR as well.

Bond Activation by Magnesium Pincer Complexes.
To test the ability of the de-aromatized complexes for H,
activation, a toluene solution of Mg-2a was treated with S bar
of H, in a J. Young NMR tube (Figure 3a, left). Heating at 120
°C, the orange solution turned green. A new species with a
3'P{'H} NMR signal at 20.81 ppm was gradually formed,
suggesting that an aromatized compound may be formed. After
the full consumption of Mg-2a, the 'H NMR showed two
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characteristic methylene (CH,) signals assigned to the
phosphine and amine side arms, verifying the formation of
an aromatized structure. Single crystals of the new species were
obtained at room temperature using a mixed solvent of THF/
pentane. X-ray crystallography confirmed the structure as Mg-
3, a four-coordinated dimer with two PNN ligands and
uncoordinated phosphorous atoms. Similarly, Mg-2b fully
converted into the dimer complex Mg-3 under H, pressure
with shorter reaction time, implying its higher activity (Figure
3a, right). These results suggested that the de-aromatized
complexes Mg-2a and Mg-2b may undergo activation of H, by
MLC, as reported in the case of a Mg(PNP) complex.'” To
confirm that, a toluene solution of Mg-2a was pressurized with
S bar of D, and heated at 120 °C in a J. Young NMR tube
(Figure 3b, top). After the full consumption of Mg-2a, Mg-3-D
was obtained with deuterium signals on the phosphine side
arm of Mg-3, as confirmed by *H NMR (Figure S38). It was
found that 91% of deuterium was incorporated into the
phosphine side arm according to the integration of the 'H
NMR (Figure S39). Likewise, the treatment of Mg-2b with D,

https://doi.org/10.1021/jacs.3c01091
J. Am. Chem. Soc. 2023, 145, 9164—-9175
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Figure 4. Catalytic hydrogenation of aldimines. (a) Effect of different magnesium complexes. (b) Effect of hydrogen pressure, reaction temperature,
and reaction time. (c) Scope of aldimines. Reaction conditions: 1 (0.3 mmol), Mg-2a (6 mol %), H, (10 bar), toluene (1 mL), 135 °C, 48 h.
Reaction yields were determined by 'H NMR spectroscopy of the crude reaction mixture with respect to 1,3,5-trimethoxybenzene as an internal
standard. Isolated yields are in parentheses. Superscript a signifies that 10 mol % of Mg-2b was used as the catalyst at 150 °C. Superscript b signifies

that 6 mol % of Mg-2b was used as the catalyst.

under similar conditions produced Mg-3-D with 87% of the
deuterated phosphine side arm (Figure S42). These results
show that the de-aromatized complexes Mg-2a and Mg-2b can
reversibly activate D, (H,). In addition, upon treatment of a
toluene solution of Mg-2a with S bar of D, at a lower
temperature (60 °C), Mg-2a-D was formed with 80%
deuterium incorporated into the phosphine side arm of Mg-
2a after 48 h, further confirming the reversible activation of D,
(H,) by the de-aromatized complexes (Figure 3b, bottom). It
is noteworthy that in the above results, the deuteration of the
amine side arm was not observed, in line with the observation
in the preparation process that the protons on the phosphine
side arm undergo deprotonation more readily.

The generation of Mg-3-D and Mg-2a-D likely proceeds via
the aromatized intermediate Int-I, which is derived from the
reaction of Mg-2a with D, (Figure 3c). Int-I was not observed
during the reaction since it quickly underwent the elimination
of DH (or D,) to generate Mg-2a-D (or Mg-2a) to enter the
next cycle of D, activation. Meanwhile, the instability of Int-I
resulted in partial decomposition in the presence of D, to
produce the deuterium-labeled free ligand L1-D, which reacted
with Int-I to generate the dimer complex Mg-3-D.
Theoretically, the reaction of the ligand L1-D with Mg-2a
(or Mg-2a-D) can produce the dimer complex Mg-3-D via the
deuterium (proton) transfer from amine to the de-aromatized
phosphine side arm without the participation of D, (H,). To
clarify this point, a toluene solution of Mg-2b and L1 was
heated in the presence of H, (S bar) at 75 °C, resulting in the
formation of Mg-3 after 4 h (Figure 3d). On the contrary, only
about 7% of Mg-3 can be observed in the absence of H, under
the same conditions. These results suggest that H, is required
for the formation of Mg-3 and indirectly confirm the formation
of the active intermediate Int-L
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The dimer complex Mg-3 is unstable in the absence of H,.
Upon treatment of Mg-3 with S equiv of pyridine or dioxane at
120 °C, the dearomatized complexes Mg-2a and Mg-2b were
gradually regenerated together with the formation of free
ligand L1 (Figure 3e, top). The decomposition of Mg-3
originated from the deprotonation of the phosphine side arm
by the anilido ligand of the complex itself. As a result, the free
ligand can be observed along with the formation of de-
aromatized complexes. However, the consumption of Mg-3 is
incomplete (Figures S45 and S46), even upon prolonging the
reaction time to 2 days, suggesting the existence of an
equilibrium between the dimer, the de-aromatized complexes,
and the free ligand. To confirm that, a toluene solution of Mg-
3 was treated with D, and heated at 120 °C (Figure 3e,
bottom), resulting in the incorporation of 68% of deuterium
into the phosphine side arm after 48 h (Figure $47), and the
deuterated ratio increased to 87% after S days (Figure S49).
This result confirms that the formation of Mg-3 is reversible.

The activation of the N—H bond by the de-aromatized
complexes was studied as well. Upon treatment of the benzene
solution of Mg-2a with N-benzylaniline in a J. Young NMR
tube, a singlet can be observed at 24.87 ppm in the *'P{'H}
NMR spectrum after rotating the tube for 18 h at room
temperature. The chemical shift of the signal implies the
generation of an aromatized species (Figure 3f). In the 'H
NMR, a doublet (J = 2.9 Hz) assigned to the methylene (CH,)
group of the phosphine side arm was found at 2.99 ppm,
confirming the aromatized structure of the generated
magnesium complex. The methylene (CH,) signals of the
amine side arm and the benzyl group of N-benzylaniline were
also found at 5.06 and 4.75 ppm, respectively. The 'H NMR
exhibits one pyridine ligand, suggesting that the secondary
amine replaced a pyridine ligand to generate a new Mg—N
covalent bond. The new complex was finally confirmed as Mg-
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Table 1. Scope of Magnesium-Catalyzed Hydrogenation of Ketimines”
R? t. (6 mol% i
J\\ R+ H cat. (6 mol%) R1J\N’R
RN toluene, 135 °C, 48 h H
1r-1aa 2r-2aa
entry ketimine cat. amine yield (%)°
Et Et
1 Ph )QN,,"BU Mg-2a Ph)\N/”BU 96
r H 2r
Et Et
2 X, o Hex Mg-2b Ph N/”Hex >99
Ph s H 2s
Et Et
3¢ /l\\ ~Bn Mg-2b PH N,Bn 97
P~ N 1t N o
Et Et
4 o s~ _Ph 1u Mg-2a Ph N/\/Ph 99¢
H 2u
" OMe Et OMe
5ee Mg-2b 85¢
PR SN v PR N
H 2v
6 Ph/j\ Mg-2b o "B 98
X, ~Bu g- ~Bu
PRONTT qw U P
Ph Ph
7 ~ Bu Mg-2b o B >99
PN 4x N 2x
Et Et
X SBU JBu
8 N Mg-2b N 92¢
Br 1y Br 2y
Et Et
NB nB
. /\/@/KNM u Mg-2b /\/@)\N/ u 98¢
PR 1z PR 2z
Et Et
\N,,,FBu N/"Bu
10 Mg-2b H 95¢
& Z
Ph 1aa Ph 2aa

“Conditions: 1 (0.3 mmol), cat. (6 mol %), H, (10 bar), toluene (1 mL), 135 °C, 48 h. *Yield determined by 'H NMR spectroscopy of the crude
reaction mixture with respect to 1,3,5-trimethoxybenzene as an internal standard. “The reaction temperature was 150 °C. “Isolated yield. “With 10

mol % of catalyst.

4, which was derived from the N—H bond activation by Mg-2a
via the MLC process.”” It should be mentioned that the
analogous structure could not be observed by using previously
reported PNP magnesium complexes (see page SS3 in the
SI),"* indicating that the current complexes are more stable.
Catalytic Hydrogenation of Imines. As the reversible
activation of H, (D,) by Mg-2a and Mg-2b via the MLC
process was shown to be feasible and activation of a secondary
amine by Mg-2a was observed as well, we believed that
hydrogenation of imines catalyzed by the new magnesium
complexes might be possible. Examining this possibility,
commercially available (E)-N,1-diphenylmethanimine (1a)
was employed as a substrate to test the catalytic activity of
the obtained magnesium complexes (Figure 4a). High
conversion of la was observed using 6 mol % of the de-
aromatized Mg-2a as a catalyst, generating the desired amine
2a in 99% vyield after heating at 135 °C for 48 h under 10 bar
of H,. The de-aromatized complexes Mg-2b and Mg-2c
exhibited similar catalytic activity in the hydrogenation of 1a,
resulting in 98 and 99% yield of 2a, respectively. However, the
aromatic magnesium bromide complex Mg-la (which is
incapable of de-aromatization in the absence of base) showed
much lower activity (9% yield), indicating the importance of
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the de-aromatized structure in H, activation. As expected, the
dimeric complex, Mg-3, can catalyze the imine hydrogenation,
resulting in the desired amine 2a in 63% yield under standard
conditions. The result is in line with the observation that Mg-3
can slowly be converted into the de-aromatized complexes,
which act as the active catalysts for hydrogenation. However,
the lower conversion of 1a suggests that the formation of Mg-3
deactivates the de-aromatized catalysts. These results also
indicate that the de-aromatized complexes Mg-2a, Mg-2b, and
Mg-2¢c were only partially converted into the dimer in the
catalytic process. Other reaction parameters for the hydro-
genation of 1a were also explored by using Mg-2a as a catalyst
(Figure 4b). Lower hydrogen pressures (7 and S bar) only
slightly affected the reaction yields (97 and 91%). However,
the temperature and reaction time significantly influence the
reaction. Increasing the temperature to 150 °C led to full
consumption of la, affording 2a in >99% yield after 48 h.
Decreasing the temperature to 120 °C provided 85% yield of
2a after 48 h. Upon prolonging the reaction time to 60 h, the
imine 1a was completely converted into the secondary amine.
Reducing the reaction time to 36 and 24 h resulted in 95 and
88% vyields, respectively. These results are encouraging since
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Figure S. Proposed mechanism for hydrogenation of imines catalyzed by de-aromatized magnesium complexes. In parentheses, the relative free
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energy barriers for the corresponding steps are given.

magnesium-catalyzed hydrogenation of N-aryl aldimines in
high yields is still challenging.’™

With the optimal conditions in hand, the scope of aldimines
was explored (Figure 4c). Using Mg-2a as a catalyst, a variety
of N-aryl arylaldimines bearing different substituents smoothly
afforded the desired amines (2a-2m) in high yields (86 to
>99%). Aromatic aldimines having substituents at the para-
position gave higher yields than the ortho-OMe-substituted
one (2c—2f vs 2b). Placing the OMe group at the ortho-
position of the N-aryl group also resulted in a lower yield (2g,
87%). Placing different substituents on both aryl rings of N-aryl
arylaldimines did not affect the reaction, affording the desired
products in 86—95% yields (2k-2m). The reaction tolerated
various functional groups, such as methoxy, fluoro, and chloro,
which are generally sensitive toward common magnesium
compounds. Likewise, aliphatic N-aryl aldimines were suitable
for hydrogenation, but a higher catalyst loading (10 mol %)
and higher reaction temperature (150 °C) were required due
to the less electrophilic C=N bond. Using Mg-2b as a catalyst,
tertiary butyl-substituted imine In successfully afforded the
corresponding amine 2n in 96% yield. Interestingly, sec-butyl-
substituted aldimine gave only 67% yield of 20. Prolonging the
reaction time did not efficiently improve the conversion. This
result indicates that significant steric hindrance was required to
ensure high yields of the aliphatic aldimines. Additionally, N-
alkyl aldimines also gave rise to the corresponding amines in
high yields. For example, the (E)-N-tert-butyl-1-phenyl-
methanimine (1p) with large steric hindrance efficiently
generated 2p in >99% yield catalyzed by Mg-2b. Replacing
the tertiary butyl group with the smaller isopropyl group
resulted in a lower yield (2q, 86%). The results of
hydrogenating aliphatic aldimines and N-alkyl aldimines
suggest that the steric hindrance of the generated amines is
related to the reaction yields due to the de-aromatized
complexes being more compatible with bulky amines. The
above results indicate that the developed magnesium pincer
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complexes are efficient in the hydrogenation of various
aldimines, generating much better results than previously
reported magnesium catalysis. obiid

Next, the catalytic hydrogenation of ketimines by the de-
aromatized magnesium complexes was explored (Table 1). It is
noted that the hydrogenation of ketimines catalyzed by early
main-group metal complexes is challeng%mg due to the larger
steric hindrance compared to aldimines.”” Employing Mg-2a as
a catalyst, the simple ketimine 1r was successfully converted
into the secondary amine 2r in 96% yield. Ketimines (1s—1u)
bearing different chain lengths of N-alkyl substituents also gave
quantitative yields (97 to >99%). Steric hindrance appears to
be an important factor in the reaction. For example, the N-aryl-
substituted ketimine 1v generated amine 2v in a lower yield
(85%), catalyzed by 10 mol % of Mg-2b at 150 °C. Replacing
the substituents on the carbon atom of the ketimines by
phenethyl and phenyl groups, the reactions were successfully
performed to produce 2w and 2x in 98 and >99% yield,
respectively. Interestingly, the bromo group and C—C double
and triple bonds were not affected by the current conditions,
generating the desired products 2y—2aa in 92—98% isolated
yields. It is worth mentioning that both E- and Z-ketimines
efficiently undergo hydrogenation in this system, providing a
new strategy for the hydrogenation of mixed imines of Z and E
configurations.

Proposed Mechanism. A plausible pathway for the
hydrogenation of imines is proposed on the basis of the
above experiments and supported by DFT studies (Figure 5).
The reaction starts with the reversible dissociation of one
pyridine ligand from Mg-2a to generate the four-coordinated
intermediate A, which provides a vacant site for the activation
of hydrogen. This step is an endergonic process with AG =
10.5 kcal/mol according to the DFT calculations. H, activation
by de-aromatized intermediate A generates the five-coordi-
nated aromatized magnesium hydride intermediate B. The
activation proceeds via transition state TS-I, in which the H,
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Figure 6. Catalytic hydrogenation of N-heteroarenes. Reaction conditions: 3 (0.3 mmol), Mg-2b (6 mol %), H, (10 bar), toluene (1 mL), 135 °C,
48 h. The yields refer to isolated yields. Superscript a signifies that the reaction temperature was 150 °C. Superscript b signifies that 10 mol % of

Mg-2b was used as the catalyst.

undergoes heterolytic cleavage by the magnesium center and
the de-aromatized phosphine side arm. This step has an
activation free energy of 23.0 kcal/mol, and it is endergonic by
2.4 kcal/mol, suggesting the high reactivity of the unobserved
intermediate B. It should be mentioned that the activation of
H, by intermediate A’ derived from the dissociation of one
dioxane from Mg-2b is also favorable according to the DFT
studies (see page S85S in the SI). The active intermediate B is
partially transformed into the dimeric complex Mg-3, as
mentioned above in the control experiments (Figure 3e).
Insertion of imine 1a into the Mg—H bond of intermediate B
produces intermediate Mg-4, which is relatively stable and
experimentally observed in the N—H bond activation reaction
of Mg-2a with amine 2a (Figure 3f). It is noted that using the
in situ-generated Mg-4 as a catalyst for the hydrogenation of
la, 81% yield of 2a was obtained under the standard
conditions, suggesting that Mg-4 is involved in the catalytic
cycle. The monitoring experiments using Mg-2a as a catalyst
further confirmed that Mg-4 is a key intermediate in catalytic
reaction (Figure S57). DFT studies also indicate that the
formation of Mg-4 is an exergonic step (AG = —28.3 kcal/
mol) with a free energy barrier of 7.8 kcal/mol to overcome
transition state TS-IL The next step is the proton migration
from the phosphine side arm of intermediate Mg-4 to the
bound amine to give the de-aromatized intermediate C with
the secondary amine coordinating to the magnesium center.
This step is an endergonic process with AG = 7.1 kcal/mol and
a transition state TS-III with a free energy barrier of 18.5 kcal/
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mol. Finally, the amine product 2a is released from
intermediate C to regenerate the four-coordinated intermedi-
ate A to propagate the cycle, which is endergonic (AG = 5.4
kcal/mol). The DFT studies highlight the significance of MLC
in this reaction.

Catalytic Hydrogenation of N-Heteroarenes. The
successful hydrogenation of imines catalyzed by the de-
aromatized magnesium complexes encouraged us to extend
the developed catalysis to the hydrogenation of other
compounds that contain C=N bond. Selective hydrogenation
of quinolines and their closely related N-heteroarenes is an
efficient way to access tetrahydroquinolines and related
compounds, which are ubiquitous in natural products and
drugs. Homogeneously catalyzed hydrogenation under mild
conditions based on dprecious metals has been developed.”® In
recent years, FLPs> and first-row transition metals'® have
been reported to catalyze the hydrogenation of N-hetero-
arenes, avoiding the use of noble metals. However, to the best
of our knowledge, the utilization of early main-group metal
catalysts in this field has never been documented. The de-
aromatized magnesium complexes may be capable of catalyzing
the hydrogenation of quinolines and related N-heteroarenes.
Surprisingly, under the same conditions as the imine
hydrogenation, quinoline 3a was smoothly converted into
tetrahydroquinoline 4a in 92% isolated yield catalyzed by Mg-
2b (Figure 6). Substituted quinolines with a series of
functional groups at different positions successfully afforded
the desired cyclic amines (4b—4w). It is worth mentioning that
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the racemic noralkaloids 4c was obtained in 87% yield, which
can be converted to (+)-angustureine followed by methyl-
ation.”” Reducible functional groups, such as alkene and
alkyne, were not affected in the current catalysis (4t and 4u),
showing great significance in organic synthesis. It is noted that
8-substituted quinoline (3w) generated relatively lower yields
than others, probably because of its more steric hindrance.
Other N-heteroarenes, including isoquinolines (3x and 3y),
quinoxalines (3z—3ab), and 7,8-benzoquinoline (3ac), were
hydrogenated at 150 °C, generating corresponding products in
high yields. These results indicated that the de-aromatized
complexes are not only suitable for the hydrogenation of
imines but also efficient in the selective hydrogenation of N-
heteroarenes.

B CONCLUSIONS

In summary, we have developed a series of new de-aromatized
magnesium pincer complexes by using the PNNH-type ligands.
The complexes were well-characterized and are relatively stable
compared to the reported Mg(PNP) complexes. Activation of
H—H and N—H bonds by the de-aromatized complexes via an
MLC process was demonstrated. The new magnesium pincer
complexes were applied to the catalytic hydrogenation of
various aldimines to generate secondary amines in excellent
yields, providing a new strategy for the hydrogenation of
imines using magnesium complexes. It is noted that, compared
to previously reported hydrogenation of aldimines catalyzed by
magnesium complexes, the reaction reported here represents a
broader scope and higher yields. In addition, the developed
complexes are efficient in the hydrogenation of ketimines,
offering a successful example of homogeneous early main-
group metal-catalyzed hydrogenation of ketimines. Mecha-
nistic studies indicate that the aromatization/de-aromatization
MLC process plays a significant role in achieving imine
hydrogenation, as supported by control experiments and DFT
studies. Furthermore, the developed catalysis is extended to the
selective hydrogenation of N-heteroarenes, showing an
unprecedented example of early main-group metal homoge-
neously catalyzed hydrogenation of N-heteroarenes. A variety
of functional groups, including the fluoro, chloro, and C-C
double and triple bonds, are well tolerated in the developed
system. This study is a significant advancement in main-group
metal catalysis and C=N bond hydrogenation. We believe
that it will inspire the area of main-group metal chemistry and
hydrogenation reactions.
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