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Dissecting the Diverse Reactivity of 8-Diketiminate
Aluminum(l) Compound towards Azaarenes: Insight From

DFT Calculations

Ka Lok Chan,!?! Pak Fung Lau,® and Zhenyang Lin*[!

Interest in aluminum(l) complexes has surged in recent decades
due to the unusual role of electropositive aluminum as donor
atoms in ligands. Numerous Al(l) complexes, which were previ-
ously considered too unstable, have been isolated. Among these,
B-diketiminate aluminum(l) complex, NacNacAl(l), stands out for
its unique reactivities including oxidative addition and 7-bond
activation. However, the understanding of reactions involving
NacNacAl(l) has not yet been fully established. This study unveils
the mechanisms behind the diverse reactivity of NacNacAl(l)
with five structurally similar azaarenes through DFT calculations.
Interestingly, computational results indicate that some of the five
reactions can proceed via radical processes. A holistic compari-
son of all results highlights the mechanistic differences between

1. Introduction

Recently, there has been a notable surge in enthusiasm sur-
rounding aluminum(l) complexes. This newfound interest can
be attributed to the unconventional role of the electroposi-
tive aluminum as a donor atom of a ligand, which is highly
unusual and unexpected. These complexes, characterized by
an aluminum center with a +1 oxidation state rather than
the most common states of 0 and +3, were previously
deemed thermodynamically unstable and therefore challeng-
ing to synthesize until the isolation of stable compounds such
as the first molecular Al(l) complex, [(AlCp*)4] (Cp*=CsMes, I,
Figure )" and the first monomeric Al(l) complex, NacNacAl(l)
(NacNac=[DippNC(Me)CHC(Me)NDipp]~, Dipp = 2,6-Pr,CsHs,
I, Figure 1).12! Following these notable discoveries, chemists
have been actively synthesizing novel neutral monomeric Al(l)
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monocyclic and bicyclic azaarenes. In the initial step with
NacNacAl(l), monocyclic azaarenes form Al(l)-azaarene adducts,
whereas bicyclic azaarenes generate Al(ll)-azaarene biradicals.
These intermediates are critical for understanding their dis-
tinctive reactivity. For monocyclic azaarenes, electronic effects
of their substituents on the azaarene adducts result in vary-
ing reaction outcomes, while for bicyclic azaarenes, subsequent
intermolecular or intramolecular coordination of biradicals leads
to different products. This study provides deeper mechanistic
insights into reactions associated with NacNacAl(l) complexes,
thereby contributing to a more comprehensive understanding of
these reactions.

complexes®°! and carrying out extensive experimental™®?! and
theoretical studies!?="" on them. Alongside these studies, it is
also imperative to emphasize the growing prominence of anionic
Al(l) chemistry!?®32361 in recent research, which plays a pivotal
role in advancing Al(l) chemistry.

Among the numerous neutral monomeric Al(l) complexes,
the above-mentioned NacNacAl(l) complex stands out as one
of the most extensively researched. This NacNacAl(l) complex
has been described as an Al(l) complex akin to a carbene
analogue.”! It has displayed a spectrum of unusual reactivities.
Analogous to a transition metal, it can also undergo oxidative
addition of o-bonds, including H—X (X=H, Si, B, Al, C, N, P),[273738]
C—F, and C—O bonds,1??83%41 a5 well as S—S, P—P, and S—C
bonds.!*?! Functioning as a carbenoid, it can activate m-bonds
of azobenzene,!®! olefin, 24 acetylene,*>*! and guanidine.[”]
Recent reports have also highlighted the NacNacAl(l) complex’s
capability to engage in pericyclic reactions with dienes, aromatic
systems,[*® and even Cyg clusters.[*!

In this work, we are interested in the recently reported reac-
tions of this carbenoid with structurally similar azaarenes.*”!
In these reactions, as illustrated in Scheme 1, the NacNacAl(l)
complex exhibited a wide range of reactivities, including the
oxidation addition involving the aromatic C(4)—H bond in 3,5-
lutidine to form LUT_P, the deprotonation of the methyl sub-
stituent of 4-picoline to yield PIC_P, the deprotonation at
the B-methyl position of the NacNac backbone upon reaction
with 4-Dimethylaminopyridine (DMAP) resulting in DMAP_P, the
C(2—C(2) coupling between two quinoline molecules to produce
QUI_P, and the cleavage of the N—N bond in phthalazine to give
PHT_P.
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Figure 1. First examples of stable Al(l) complexes.

Inspired by the fascinating experimental findings pre-
sented in Scheme 1, we are compelled to delve into the
underlying mechanisms that govern these substrate-controlled
reactions. Through this exploration, we aim to address the
following important scientific questions: (i) the origins of the
varied reactivity of NacNacAl(l) and (ii) the effects of differ-
ent azaarenes in these reactions. In this work, we attempt to
attain a holistic theoretical understanding of the diverse reac-
tivity through systematic density functional theory (DFT)
calculations. We hope the findings will provide valuable
insights into the mechanistic understanding in the field of Al(l)
chemistry.

IMonocyclic azaarenes

2. Results and Discussion

2.1. Reactions of NacNacAl(l) with Monocyclic Azaarenes:
Two-Electron Pathways

As mentioned in the Introduction, NacNacAl(l) resembles a sin-
glet carbene, with a filled sp?-hybridized orbital and a vacant p
orbital, allowing the Al center to behave both as a Lewis acid
and a Lewis base. Numerous studies have revealed that Nac-
NacAl(l) is an ambiphilic carbenoid isoelectronic with carbene
and is capable of engaging in a one-step oxidative addition of o-
bonds.”" However, we found that upon reacting with azaarenes,
NacNacAl(l) utilizes its vacant p orbital to first form an adduct
by coordinating with the N atom of the basic azaarenes. Upon
the coordination of the N atom of azaarene to the vacant Al p
orbital of NacNacAl(l), the hybridization of the orbital that hosts
the lone pair electrons of Al(l) changes from sp? to sp®, which
features a decrease in the s-character of the orbital hosting
the lone pair of electrons, greatly enhancing the nucleophilicity
and basicity of the NacNacAl(l) complex. Hence, the coordina-
tion of the N atom of azaarene to the vacant Al p orbital of
NacNacAl(l) serves as a crucial step for the pre-activation of
the NacNacAl(l) complex, which enables a highly nucleophilic
or basic adduct to undergo numerous challenging reactions
such as nucleophilic attack on an aromatic system of 3,5-lutidine

Bicyclic azaarenes
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Scheme 1. Reactions of NacNacAl(l) with 3,5-lutidine (LUT), 4-picoline (PIC), 4-dimethylaminopyridine (DMAP), quinoline (QUI) and phthalazine (PHT).
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Figure 2. Energy profile calculated for the reaction of NacNacAl(l) with 3,5-lutidine. Relative free energies and electronic energies (in parentheses) are given

in kcal/mol.

(Section 2.1.1), deprotonation of the methyl substituent from
4-picoline (Section 2.1.2) and deprotonation at the B-methyl
position of the NacNac backbone upon reaction with DMAP
(Section 2.1.3).

2.1.1. Oxidative addition of aromatic C(4)-H bond of 3,5-lutidine
(LUT)

As previously mentioned, 3,5-lutidine first coordinates with
NacNacAl(l) to form the 3,5-lutidine-coordinated adduct LUT_1
(Figure 2). Upon coordination, the nucleophilicity of the lone pair
electrons on the Al atom of the adduct is greatly enhanced.
Then, two molecules of LUT_1 form the van der Waals dimer
species LUT_2, with the H on the C(4) position of one adduct
pointing towards the lone pair of electrons on the Al atom of
the other adduct. In such a conformation, the orbital accom-
modating the lone pair of electrons on the Al atom of the
second adduct is ready to interact with the =* orbital at
the C(4) position of the 3,5-lutidine of the first adduct. Next,
the highly nucleophilic lone pair of electrons of the second
adduct undergoes nucleophilic attack on the C(4) position of
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the coordinated 3,5-lutidine in the first adduct, resulting in a
dearomatization of 3,5-lutidine in the first adduct. The dearom-
atization process is facilitated by two factors, which are the
high nucleophilicity of the lone pair of electrons in the first
adduct and the electron-withdrawing ability of the NacNacAl(l)
moiety in the second adduct. The high nucleophilicity of the
lone pair of electrons enables an easier nucleophilic attack on
the 3,5-lutidine ring, while the electron-withdrawing NacNacAl(l)
moiety in the second adduct makes the 3,5-lutidine more elec-
trophilic and withdraws the excess negative charge built on
the 3,5-lutidine ring after dearomatization process, thus stabi-
lizing the formed zwitterion LUT_3. LUT_3 then undergoes a
1,2-hydride shift from the electron-rich bridging lutidine moiety
to the newly-formed electron-deficient Al(lll) center, yielding the
hypervalent species LUT_4. As the 1,2-hydride shift involves an
arene C—H bond cleavage, it is the rate-determining step of the
reaction with an overall free-energy barrier of 18.9 kcal/mol. Fol-
lowing this rate-determining step, a sequential dissociation of
one molecule of NacNacAl(l) and one molecule of 3,5-lutidine
from LUT_4 generates the final experimentally-observed Al(lll)
product LUT_P.

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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We also examined alternative pathways that do not involve
the van der Waals dimer species LUT_2. Figure 3a shows
the energy profile associated with the nucleophilic attack of
the 3,5-lutidine-coordinated adduct LUT_1 on the C(4) posi-
tion of a free 3,5-lutidine molecule. The resulting energy bar-
rier is 29.8 kcal/mol, which is significantly higher than that
(18.9 kcal/mol) presented in Figure 2. Thus, it suggests that
NacNacAl(l) moiety in the 3,5-lutidine-coordinated NacNacAl(l)
plays a crucial role in enhancing the electrophilicity of the 3,5-
lutidine ring and hence facilitating the dearomatization process,
as shown in Figure 2. Figure 3b shows the energy profile for
the nucleophilic attack on the C(4) position of the lutidine
moiety in the 3,5-lutidine-coordinated NacNacAl(l) by the unco-
ordinated NacNacAl(l) through LUT_TS;s. The corresponding
energy barrier reaches 47.5 kcal/mol, which is inaccessibly high.
It demonstrates that the pre-coordination of 3,5-lutidine on the
NacNacAl(l) complex before undergoing nucleophilic attack is
also crucial for enhancing the nucleophilicity of the lone pair of
electrons for the dearomatization process to proceed. Figure 3c
shows the energy profile for a one-step direct oxidative addi-
tion of the C(4)—H bond of a free 3,5-lutidine to NacNacAl(l).
The resulting energy barrier reaches 57.1 kcal/mol, which is also
inaccessibly high. It indicates that such a one-step pathway is
highly unlikely, due to the relatively low nucleophilicity of the
NacNacAl(l) lone pair of electrons prior to the coordination of
azaarene and the relatively low electrophilicity of the 3,5-lutidine
ring before its coordination to NacNacAl(l).

2.1.2. Deprotonation of the methyl group of 4-picoline (PIC)

In the case of 4-picoline, the C(4) position of the N-heteroarene
ring is substituted by a methyl group, instead of an H atom in
3,5-lutidine. As the oxidative addition of C—C bond in 4-picoline
is much more challenging than that of C—H bond in 3,5-lutidine,
the NacNacAl(l) complex would attack an alternative site that
is more reactive. As the deprotonation of methyl substituent of
the 4-picoline could yield a product with the negative charge
localized on the electronegative N atom of 4-picoline in its reso-
nance structure, the NacNacAl(l) complex preferentially acts as
a Bronsted base, instead of a nucleophile, to deprotonate the
methyl substituent.

Figure 4 shows the energy profile calculated for the reac-
tion between NacNacAl(l) and 4-picoline. Again, the first step of
the reaction is the adduct formation through the coordination
of 4-picoline to NacNacAl(l). This greatly enhances the basicity
of the lone pair on the Al(l) center. Once the adduct PIC_1 is
formed, similar to what we discussed above in the reaction of
3,5-lutidine, two molecules of PIC_1 combine to form the van der
Waals dimer species PIC_2. In this van der Waals dimer species,
a C-H bond on the methyl group of the coordinated 4-picoline
in one adduct monomer is directed towards the lone pair of the
Al(l) center in the other, accompanied by m—x stacking between
the two azaarene moieties. Subsequently, one adduct utilizes its
basic lone pair of electrons on the Al(l) center to abstract a pro-
ton from the methyl group of the 4-picoline moiety in another,
generating the ion pair PIC_3, with an Al(lll) metal center in the
cation and an Al(l) metal center in the anion. As the transition
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state PIC_TS,3 in this step involves a disruption of aromaticity,
it is the rate-determining transition state of the reaction. Similar
to the case with 3,5-lutidine, there are also two factors facilitat-
ing the deprotonation process of 4-picoline, which are the higher
basicity of the lone pair of electrons on the Al(l) center upon
adduct formation and the electron-withdrawing ability of the
NacNacAl(l) moiety in the adduct being deprotonated. The for-
mer factor ensures that the adduct is more likely to deprotonate
a proton and the latter factor could decrease electron density
on the coordinated 4-picoline molecule, rendering the proton
in methyl substituent of 4-picoline more acidic, thus facilitating
the deprotonation process. From PIC_3, a similar deprotonation
process occurs, generating two molecules of the products in the
form of a van der Waals dimer, designated as PIC_4. Finally, the
van der Waals dimer PIC_4 dissociates, yielding two molecules
of the monomeric product PIC_P.

To explore whether the pre-coordination of 4-picoline on
NacNacAl(l) is crucial for the deprotonation of methyl group in
4-picoline in the van der Waals' dimer PIC_2, we also examined
the direct deprotonation of a 4-picoline methyl C-H bond uti-
lizing the 4-picoline-coordinated NacNacAl(l) PIC_1 (Figure 5a).
Similar to what we found in the case of 3,5-lutidine, this pathway
also has a significantly higher barrier of 26.4 kcal/mol than that
(20.8 kcal/mol) presented in Figure 4 through the van der Waals
dimer species PIC_2, demonstrating that the pre-coordination of
4-picoline on NacNacAl(l) facilitates the deprotonation.

Direct oxidative addition of a 4-picoline methyl C—H o-bond
to NacNacAl(l) is also examined. As depicted in Figure 5b, this
pathway starts with a one-step C—H bond oxidative addition
through PIC_TSg.¢ which produces the Al(lll) intermediate PIC_6.
Subsequently, the intermediate PIC_6 undergoes 1,3 migration
through the intermediate PIC_7 to yield the product PIC_P. Alter-
natively, the intermediate PIC_7 can also be formed through a
C—H activation process through PIC_TSg;. However, both path-
ways have inaccessibly high energy barriers for the formation
of the intermediate PIC_6 or PIC_7 through the one-step oxida-
tive addition (PIC_TSg.) or the C-H activation process (PIC_TSg.7),
due to the low basicity of NacNacAl(l) and the low acidity of the
methyl C-H bonds in 4-picoline.

2.1.3. Deprotonation of the B-methyl group at the ligand
backbone of NacNacAl(l) by DMAP

4-Dimethylaminopyridine (DMAP) closely resembles 4-picoline
both structurally and electronically. Structurally, as DMAP, sim-
ilar to 4-picoline, has the C(4) position substituted, the C(4)
position is not available for nucleophilic attack. Electronically,
as both DMAP and 4-picoline have electron-donating groups
substituted at the para-position, one might expect that their
chemistry towards NacNacAl(l) should closely resemble each
other. However, the —NMe, substituent on DMAP lacks protons
that are sufficiently acidic to engage in deprotonation reactions,
in contrast to the presence of an acidic proton on methyl group
substituent of 4-picoline, which undermines the ability of DMAP
to function as a Brensted acid for deprotonation. Thus, Nac-
NacAl(l) has to react with another acidic site in the reaction with
DMARP. In light of this, Arnold and coworkers reported that the

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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B-methyl group in the NacNac backbone features reasonably
acidic C-H bonds, which can undergo deprotonation in the pres-
ence of a strong base,®? and Nikonov and coworkers published
a reaction involving deprotonation of the S-methyl group in the
NacNac backbone using urea as the base.”® Thus, as no rea-
sonably electrophilic or acidic sites are available in DMAP, the
NacNacAl(l)-DMAP adduct deprotonates the B-methyl group in
the NacNac backbone of NacNacAl(l).

The energy profile calculated for the favorable pathway of
deprotonation of the 8-methyl group in the NacNac backbone
is shown in Figure 6. Similar to the case with 3,5-lutidine and
4-picoline, DMAP also firstly coordinates with NacNacAl(l) to gen-
erate a Lewis base adduct DMAP_1, which renders the lone pair
on the Al(l) center highly basic. Then, the Al(l) lone pair of the
NacNacAl(l)-DMAP adduct abstracts a proton from the B-carbon
(Cs) in the NacNac backbone of the uncoordinated NacNacAl(l)
through DMAP_TS,,, leading to the formation of DMAP_2, an
ion pair comprising an Al(lll)-hydride cation and an anion having

Chem. Eur. J. 2025, 31, €202500807 (6 of 16)

an Al(l) center. The main reason why the Al(l) lone pair abstracts
the proton from an uncoordinated NacNacAl(l), instead of a coor-
dinated one, is due to the fact that the coordination of DMAP
on Al(l) would increase the electron density of the NacNac back-
bone, rendering the hydrogen at Cy less acidic. The transition
state DMAP_TS,;, is the rate-determining TS with a barrier of
18.5 kcal/mol. Subsequently, the anion in the ion pair coordi-
nates with another free DMAP molecule, forming a new ion pair
DMAP_3 to increase the basicity of the Al(l) lone pair. The two
ions in DMAP_3 then undergo a spatial reorientation, where the
hydrogen at the C4; atom of NacNac in the cation is closer to
the lone pair of the Al(l) center in the anion, forming a more
thermodynamically stable ion pair designated as DMAP_4. Such
reorientation sets the stage for the second deprotonation step,
which is an almost barrierless process leading to the formation
of the van der Waals dimer species DMAP_5. In DMAP_4, the
adduct consisting of Al(l) lone pair is negatively charged and
the adduct subjected to deprotonation is positively charged.

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Therefore, the second deprotonation in DMAP_4 proceeds with
almost no energy barrier. Finally, this dimer quickly monomerizes
to yield the neutral Al(lll) product DMAP_P.

Figure 7 shows the energy profile calculated for the less
favorable pathway of deprotonation of the C4;—H o-bond in the
NacNacAl(l)-DMAP adduct by another NacNacAl(l)-DMAP adduct.
The energy barrier here is 24.0 kcal/mol (DMAP_TSe.3), higher
than that presented in Figure 6. Clearly, the C4—H bond in the
NacNac backbone of the DMAP-coordinated NacNacAl(l) is less
acidic when compared to that in NacNacAl(l). We also calcu-
lated the process of deprotonation of the Cs—H o-bond of the
uncoordinated NacNacAl(l) by free DMAP, which features a free
energy change of 33.6 kcal/mol, suggesting that this process is
energetically not feasible.

2.2. Reactions of NacNacAl(l) with Bicyclic Azaarenes:
One-Electron Pathway

The pathways mentioned in Section 2.1 all involve two-electron
processes, in which azaarene-coordinated NacNacAl(l) acts as
either a strong nucleophile or base. For bicyclic azaarenes, such
as quinoline and phthalazine, readers might expect that they will

Chem. Eur. J. 2025, 31, €202500807 (8 of 16)

undergo reactions in a similar manner as the aforementioned
monocyclic azaarenes. Nonetheless, surprisingly, the reactions
with bicyclic azaarenes exhibit a significant twist from the mono-
cyclic analogues, due to the more extensive conjugated m
system of bicyclic azaarenes compared to monocyclic azaarenes.
Thus, for bicyclic azaarenes, instead of forming a simple Lewis
acid-base adduct in which the two valence electrons on Al(l) are
paired in an sp*-hybridized orbital, NacNacAl(l) undergoes a dif-
ferent reaction mechanism. This alternative mechanism avoids a
configuration that could incur a pairing energy penalty. Specif-
icallyy, when an adduct is formed with a bicyclic azaarene,
NacNacAl(l) transfers one of the two valence electrons on Al(l)
to the low-lying lowest-unoccupied molecular orbital (LUMO)
of the 7* orbital of the extensive conjugated 7 system of a
bicyclic azaarene. This results in the formation of a singlet birad-
ical adduct, characterized by two non-interacting doublets with
opposite spins occupying the sp3-hybridized orbital of the Al
center and the 7* orbital of the coordinated bicyclic azaarene,
respectively. Singlet biradicals are recognized as key interme-
diates of many bond formation or cleavage processes,> and
previous computational studies have suggested that NacNacAl(l)
can react as a biradicaloid.***! Indeed, our computational
results indicate that the reductive coupling of two molecules
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Figure 7. Energy profile calculated for an alternative pathway for the reaction of NacNacAl(l) with DMAP: deprotonation of the NacNacAl(l)-DMAP adduct by
another NacNacAl()-DMAP adduct yielding 2 molecules of products. Relative free energies and electronic energies (in parentheses) are given in kcal/mol.

of quinoline and the N—N bond cleavage of phthalazine actu-
ally involve singlet biradical intermediates, which will be detailed
below.

2.2.1. C(2)—C(2) reductive coupling between two molecules of
quinoline (QUI)

As shown in Figure 8, a singlet biradical (QUI_1) intermedi-
ate can be readily formed by transferring one electron from
the lone pair electrons on Al(l) of NacNacAl(l) to the low-
lying 7* orbital of quinoline upon coordination of quinoline
to NacNacAl(l). As revealed by the spin natural orbital (SNO)
analysis,'**>") the quinoline-coordinated biradical species fea-
tures a pair of SNOs showing that the two unpaired electrons
are distributed in the 7 system of the coordinated quinoline
and located on the sp*-hybridized orbital of the Al(ll) center,
respectively (Figure 9). Then, the Al(ll) center in QUI_1 further
coordinates with a second molecule of quinoline. In the newly-
formed species QUI_2, the unpaired electron originally located in
the sp3-hybridized orbital on the Al(ll) center of QUI_1 migrates
to the n* orbital of the newly-coordinated quinoline molecule.
This transition results in a significantly more stable Al(lll) sin-
glet biradical QUI_2. SNO analysis reveals that the two unpaired

Chem. Eur. J. 2025, 31, €202500807 (9 of 16)

electrons are separately delocalized in the 7 systems of the two
coordinated-quinoline molecules, respectively (Figure S2, Sup-
porting Information), rendering the species highly susceptible to
radical coupling. Consequently, the two coordinated-quinoline
moieties undergo radical coupling in a trans mode, forming a
C—C bond and yielding the product QUI_Pyps.

In terms of stereoselectivity, the other possible product
corresponds to the C-C coupling of quinoline in a cis mode. How-
ever, based on our calculation results presented in Figure 10,
the relative free energy of QUI_P; is —24.8 kcal/mol, which is
2.1 kcal/mol and 14.7 kcal/mol higher than that of intermediate
QUI_2 and the main product QUI_Py,ns, respectively. This indi-
cates that it is not feasible to observe the thermodynamically
unstable possible product QUI_Py;.

At this juncture, readers may wonder whether a typical two-
electron process described in Section 2.1 is indeed less favorable
for the quinoline coupling reaction. Figure 11a shows the energy
profile calculated for such a two-electron pathway. Similar to the
two-electron pathway discussed for the reactions in Section 2.1,
quinoline is first coordinated to NacNacAl(l) to form an adduct
QUI_3 with a more nucleophilic lone pair on the Al(l) center. This
is followed by the nucleophilic attack on the quinoline at the C(8)
position by the highly nucleophilic Al(l) lone pair, generating the
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way. Subsequent coordination of another
the electron-deficient Al(lll) center in QUI
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_4 leads to the hyper-
valent Al(Ill) species QUI_5. Finally, the two quinoline moieties in
QUI_5 undergo C—C coupling with a concurrent Al—C(8) bond
cleavage, yielding the final product QUI_Pyans. Overall, this path-
way has an energy barrier of 24.4 kcal/mol,
than the overall energy barrier presented in Figure 8.

-24.8
20 (-60.3)
‘ —
.
9
* 959
e
QUI_Pgis
SNO2
NacNacAl(l)-quinoline /4"‘ A'\WN__

DIW
)

Figure 10. Relative stability among QUI_Ps, QUI_2 and QUI_Py.ns. Relative
free energies and electronic energies (in parentheses) are given in kcal/mol.

quinoline molecule to

possibility of a

which is much higher is based on a

-26.9
(-59.9)
-39.5
(-73.7)
Qul_2 QUI_Pyrans
/(N_N\N,/ ’QN-—Al

D’ppM\A

To further support the hypothesis suggesting that the one-
electron pathway is more favorable for the quinoline coupling
reaction than the two-electron pathway, we have assessed the

[4+1] cycloaddition (Figure 11b,c). This pathway
literature report that anionic Al(l) complexes

can undergo reversible reactions with benzene through [4+1]
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Figure 12. Energy profile calculated for the singlet biradical pathway for the reaction of NacNacAl(l) with phthalazine. Relative free energies and electronic

cycloaddition.®! Two possible pathways for the [4+1] cycload-
dition were calculated, including the one undergoing [4+1]
cycloaddition with quinoline at the N(1) and C(4) positions
through QUI_TSgs as shown in Figure 11b, and another one
at the C(5) and C(8) positions through QUI_TSg; as shown in
Figure 1lc. However, both pathways, with energy barriers of
24.4 kcal/mol for QUI_TSg.¢ and 19.6 kcal/mol for QUI_TSg, have
higher barriers than the primary pathway presented in Figure 8.

2.2.2. N—N bond cleavage in phthalazine (PHT)

As phthalazine also contains an extensive w conjugate system
similar to quinoline, the LUMO of phthalazine, 7* orbital of the
7 system, is also low-lying enough to comfortably accommo-
date an unpaired electron to form singlet biradical intermediates.
However, in contrast to monodentate quinoline, phthalazine can
act as a bidentate ligand to bind to the Al center, instead of
coordinating two phthalazine molecules on the Al center. In
addition, phthalazine has a relatively weak N—N bond labile for
homolytic cleavage. Thus, a one-electron mechanism for cleav-
age of the N—N bond, instead of radical coupling, is realized for
phthalazine.

As illustrated in Figure 12, phthalazine first coordinates with
NacNacAl(l) to give the singlet biradical Al(ll) intermediate PHT_1.
As revealed by the SNO analysis,'***”! the two unpaired electrons
are separately distributed: one is delocalized in the 7* orbital of
the coordinated phthalazine, while the other is located on the

Chem. Eur. J. 2025, 31, €202500807 (12 of 16)

PHT_1

SNO1

SNO2

Figure 13. Spin natural orbitals calculated for the singlet biradical
NacNacAl(l)-phthalazine adduct PHT_1.

sp3-hybridized orbital of the Al(ll) center (Figure 13). From PHT_1,
coordination of the second N atom to the Al(ll) center leads to
the formation of another biradical species PHT_2 having an Al(lll)
metal center. The frontier molecular orbital analysis of PHT_2
(Figure S1, Supporting Information) indicates that, after this sec-
ond N atom coordination, the unpaired electron at the Al(ll)
center shifts to the NacNac ligand. In other words, a concurrent
intramolecular redox process occurs in which the NacNac ligand
receives an unpaired electron from the Al(ll) center, oxidizing the
Al(ll) center to Al(lll). The next step of the mechanism involves
a barrierless radical recombination in which the unpaired elec-
tron at the NacNac ligand recombines with the unpaired electron
delocalized in the 7 system of the phthalazine moiety. The
most significant structural changes from intermediate PHT_2 to
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the intermediate complex PHT_3 are the lengthening of the N-
N bond from 136 to 1.59 A and the disruption of coplanarity
between the plane encompassing the Al=N—N 3-membered ring
and the plane encompassing the phthalazine ring. The weaken-
ing of the N-N bond facilitates the subsequent ring expansion
(PHT_TS;5), yielding the final Al(lll) product PHT_P. This rate-
determining N—N bond cleavage gives an overall barrier of
18.2 kcal/mol for this reaction.

To validate the one-electron pathway discussed above,
we also examined a two-electron pathway. In line with the
previously discussed two-electron pathways, the coordination
of phthalazine to NacNacAl(l) yields the Al(l) adduct PHT_4
(Figure 14). The nucleophilicity of the lone pair at the Al(l) center
is then enhanced, facilitating its subsequent nucleophilic addi-
tion to the phthalazine moiety at the other N atom through
PHT_TS,3. The resulting reactive Al(lll) species PHT_3 is also
a part of the primary pathway presented in Figure 12. Con-
sequently, as discussed above, the N—N bond of intermediate
PHT_3 cleaves, yielding product PHT_P. The overall barrier for
this pathway is 20.7 kcal/mol, which is higher than that of the pri-
mary pathway presented in Figure 12. Therefore, the one-electron
pathway is again found to be more favorable for the cleavage of
the N—N bond of phthalazine.

Chem. Eur. J. 2025, 31, €202500807 (13 of 16)

2.3. Monocyclic Versus Bicyclic Azaarenes

After discussing the one-electron pathways of bicyclic azaarenes,
readers may question why similar one-electron pathways are not
proposed in Section 2.1 regarding the reactions of monocyclic
azaarenes. It can be accounted for by the size of the 7 system
of azaarene which could affect the stability and accessibility of
their singlet biradical intermediates. For bicyclic azaarenes, as
they have a more extensive m system, the LUMO of azaarene,
the 7* orbital, is low-lying enough that allows a smooth trans-
fer of one electron from the Al(l) center to LUMO, forming a
stable singlet biradical with two unpaired electrons on 7w sys-
tem of azaarene ring and sp3-hybridized orbital on the Al(Il)
center, respectively. As shown in Figure 15, the singlet biradical
form is more stable than a non-radical adduct with both elec-
trons paired in an sp*-hybridized orbital on the Al(l) center, thus
allowing the accessibility of one-electron pathway for bicyclic
azaarenes. In contrast, for monocyclic azaarenes, as they have
a smaller 7 system, the energy level of LUMO of monocyclic
azaarenes is high that it either forbids or hinders the formation
of singlet biradical intermediate. We further consolidate this idea
from a thermodynamic perspective. The singlet biradical form of
the NacNacAl(l)-monocyclic azaarenes was successfully located
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only when using the NacNacAl(l)-DMAP adduct. Furthermore,
the singlet biradical state of NacNacAl(l)-DMAP is 15.7 kcal/mol
higher in free energy than the normal singlet state (Figure 15).
Hence, the singlet biradical state is not favorable for monocyclic
azaarenes, and thus one-electron pathway is not favorable for
monocyclic azaarenes.

3. Conclusion

Through our DFT calculations, we have established a collection
of mechanisms for the reactions of NacNacAl(l) with five different
azaarenes: 3,5-lutidine, 4-picoline, DMAP, quinoline, and phtha-
lazine, each yielding distinctly different products. Our findings
indicate that the three monocyclic azaarenes, 3,5-lutidine, 4-
picoline, and DMARP, initially form adducts with NacNacAl(l), pro-
ceeding nucleophilic attack or deprotonation by leveraging the
Al(l) center’s lone pair of electrons, manifesting as either nucle-
ophiles or Brgnsted bases. In contrast, the two bicyclic azaarenes,
quinoline, and phthalazine, initiate the process by generat-
ing biradical species upon coordinating to NacNacAl(l). These
biradical species then follow one-electron pathways, involving
concurrent coordination and oxidation of the Al(ll) center.
Building upon the above-mentioned general understanding
of the reaction mechanisms, we now proceed with further elabo-
ration. The role of NacNacAl(l) is to act as a Lewis acid and initiate
the reactions by coordinating nitrogen of azaarenes to the Al(l)
center of NacNacAl(l). This coordination can lead to the forma-
tion of either a Lewis acid-base adduct or a biradical species. We
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also confirmed that the NacNac ligand can serve as a Brgnsted
acid, undergoing 8-methyl deprotonation by a strong base.

For bicyclic azaarenes, such as quinoline and phtha-
lazine, their 7 systems are sufficiently large. Coordination of
a bicyclic azaarene to NacNacAl(l) results in the formation of
the NacNacAl(l)-azaarene singlet biradical species in which one
unpaired electron is associated with the azaarene m system
(received from the azaarene-coordinated Al(l) center) and the
other unpaired electron is located on the Al(ll) center. Therefore,
the reactions follow one-electron pathways.

For substituted monocyclic azaarenes, such as 4-picoline, 3,5-
lutidine, DMAP, the substituent at the 4-position of the aromatic
ring is also crucial in determining their reactivity. When the
4-position substituent possesses a C—H bond at the atom «
to the aromatic ring, its deprotonation is promoted. In con-
trast, when there is no electron-donating substituent at the
4-position, the azaarene can act as an electrophile, susceptible
to the nucleophilic attack of NacNacAl(l)-azaarene adducts. In
both scenarios, a negative charge is developed at the carbon
atom adjacent to the C(4) position. This results in the most sta-
ble resonance structure, with the negative charge residing on
the electronegative nitrogen atom of the azaarene moiety, which
offers additional stabilization through increased coordination of
the nitrogen atom to the Al center.

4. Computational Details

All the density functional theory (DFT) calculations were con-
ducted using Gaussian 09 (rev. D.01).°”! All of the structures were
optimized (inclusion of solvent effects) using the Becke3PW91
(B3PW9T) functional.>®%®! For Al atoms, the Stuttgart SDDAII
effective core potential (ECP) and associated basis sets were
employed, while the 6-31G(d,p) basis set was used for all other
atoms %] The solvation model based on solute electron den-
sity (SMD),!%*! which is more suitable for non-polar solvents,
was applied, with benzene as the solvent for reaction involv-
ing the DMAP substrate and toluene as the solvent for reaction
involving the phthalazine substrate. For other reactions, the
polarizable continuum model (PCM),®! which is more suit-
able for polar solvents, was used, with diethyl ether defined
as the solvent. Dispersion corrections were also applied during
the optimization using Grimme’s D3 correction.!®®! Vibrational
frequency calculations were performed to ensure that the opti-
mized intermediates do not possess imaginary frequencies and
transition states only possess one imaginary frequency. Intrin-
sic reaction coordinate (IRC) calculations were also conducted
to further confirm the transition states.[”°8 NBO version 3.1 was
used to generate the SNO plots.!®

Supporting Information

Supplementary plots of energy profile for the H/D Exchange of
PIC_P, SNOs of QUI_2 and PHT_2, table of energies of the sta-
tionary points are included in Supporting Information. Cartesian
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coordinates of all the stationary points are included in an XYZ

file.
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