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ABSTRACT: Dpp-imines are classic model substrates for synthetic method studies. Here, we disclose their powerful use as achiral
coligands in metal-catalyzed reactions. It is highly interesting to find that the Dpp-imine can not only act as powerful ligand to create
excellent chiral pockets with magnesium complexes but also, more importantly, this coligand can dramatically enhance the catalytic
ability of the metal catalyst. The underlying reaction mechanism was extensively explored by conducting a series of experiments,
including 31P NMR studies of the coordination complex between the Dpp-imine coligand and magnesium complexes, ESI capture
results, multiple control experiments, studies and comparison of different coligands, 1H NMR studies on the relationship between
the substrate and Dpp-imine coligand, as well as the relationship between the substrate and the full complexes. Furthermore, DFT
calculation provided valuable insights in the role of the imine additive and demonstrated that adding the Dpp-imine coligand in the
magnesium catalyst can switch the deprotonation/nucleophilic addition steps from a stepwise mechanism to a concerted process
during the oxa−cyclization reaction. The crucial factors responsible for the excellent enantioselectivity and enhanced reaction
efficiency brought by Dpp-imine have been extracted from the calculation model. These mechanistic experiments and DFT
calculation data clearly disclose and prove the powerful and interesting functions of the Dpp-imine coligand, which also direct a
novel application of this type of active imine as useful ligands in metal-catalyzed asymmetric reactions.
KEYWORDS: magnesium catalysis, achiral coligand, enhanced catalytic efficiency, stereoselectivity, oxa-Michael reaction,
mechanism studies

■ INTRODUCTION
Imines are important and basic synthetic feedstocks in chemical
synthesis and are widely utilized as model substrates in many
classic reactions, including under catalytic asymmetric patterns
(Scheme 1, A).1−12 On the other hand, the nonactive imine,
usually called Schiff base, represents one of the mainstream
ligands that are employed in a series of metal-catalyzed
transformations. It is well-known that the usual Schiff base
ligands possessing multiple coordination sites are always
generated from primary aromatic or aliphatic amines.13−23

However, attempts of applying active and easily accessed imines,
including Boc-, Ts-, or Dpp-imine, as ligands in metal catalysis is
still elusive, given that these imines are often utilized as model
substrates in asymmetric reactions.24−39 There exist several

potential challenges for utilizing these active monoimines as
ligands in metal catalysis: (a) active monoimines might not be as
enough as ligands; (b) these active imines are typically
electrophiles which are prone to react with a wide scope of
given nucleophiles; (c) in the situation of asymmetric reactions,
it might be hard to introduce valid chiral elements in the classic
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structure of active monoimines; and (d) the inflexible
impression of these types of imines as “classic model substrates”.
On consideration of these above reasons, we wondered whether
it is possible to explore these active imines as ligands or coligands

in metal-catalyzed reactions, which might benefit the discovery

of new types of active imine ligands in organic synthesis.

Moreover, the utilization of active monoimines as coligands

Scheme 1. Concept of Harnessing Imine as a Powerful Cocatalyst in Asymmetric Reaction

Scheme 2. Optimization of the Oxa−Cyclization Reaction by the Introduction of the Imine Coactivator Strategy
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might be a feasible and alternative strategy in metal-catalyzed

asymmetric reactions.

On the basis of our continuous works on in situ-generated
magnesium catalysts40−53 and especially the recent finding that
Dpp-imines are prone to coordinate to the Mg(II) center,54 we

Scheme 3. Substrate Scope of the Oxa−Cyclization Reaction under the Imine Coactivator Strategy
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here attempted to use Dpp-imine as a pivotal coligand with the
in situ-generated magnesium catalysts and to clarify their
multiple and interesting functions in catalytic asymmetric
reactions. Based on these intense works on and the importance
of asymmetric construction of chiral α-substituted cyclic ethers
including chroman or benzo[c]chroman skeletons,55−62 we
selected oxa-Michael reaction63−72 as the typical conjugate
reaction73−80 model to test this idea with the aim to study the
functions of the active imine ligand in Mg(II) catalysis.
Interestingly, in the current work, we found that this type of
active monoimine coligand can not only dramatically improve
the enantioselectivity but also obviously influence the activation
mode and dramatically enhance the reactivity in the Mg(II)-
mediated oxa-Michael reaction (Scheme 1, B).

■ RESULTS AND DISCUSSION
The selected oxa-Michael reaction was initially optimized by
using naphthol 1a as the substrate and using the in situ-
generated magnesium catalyst from the commercially available
Binol-type ligands (Scheme 2). A series of binaphthols derived
from (R)-Binol were screened under mild conditions. It was
found that the Mg(II) catalysts with less steric hindrance can
promote the cyclization reaction with a moderate yield.
However, disappointingly, all ligands screened in the current
transformation led to almost racemic cyclization adducts 2a.

Next, we screened achiral coligands in the Mg(II)-catalyzed
oxa-Michael reaction at 40 °C (Scheme 2). Although adding a
simple benzoate A1 decreases the yield, the introduction of
pyridine-2-carboxylate could enhance the efficiency of the
cyclization process. We pleasingly observed a considerable
increase of the ee value by using A2. Meanwhile, we found that
triphenylphosphine oxide A3 also elevated the reaction’s yield
and enantioselectivity (entry 3). Then, it becomes interesting to
examine whether a ligand containing both a phosphonoxy group
and a C�N bond could further improve the reaction efficiency
and enantioselectivity. A series of Dpp-imines were screened,
and fortunately we found that the readily available imine A4,
derived from benzaldehyde, can effectively increase the
efficiency and enantioselectivity, with the improvement of the
er value to 95:5 (entry 4). With this exciting result in hand, we
further synthesized and tried extensive Dpp-imines in the model
reaction and eventually determined imine A8 as the optimal
achiral coligand. Notably, the imine derived from the ketone
ester also gave a high level of enantioselectivity (entry 13).

Under the optimized conditions, we next extended the
substrate scope of this intramolecular Michael reaction
mediated by the Dpp-imine-assisted magnesium catalyst
(Scheme 3). In the presence of the imine coligand, the
naphthols with a wide tolerance of alkyl groups at the C3-
position on the aromatic ring led to high level of
enantioselectivities and good chemical yields. However, equip-
ment of aryl groups at the C3-position gave relatively lower
enantioselectivities (Scheme 3, 2k and 2l), and similarly, the
introduction of halogens led to acceptable results. Different
esters such as the benzyl group were also tolerable under the
optimized conditions (Scheme 3, 2i and 2j). Moreover, the
phenol substrates with aryl substitutions at C-6 positions also
gave excellent results. Notably, we also examined the perform-
ance of several representative substrates in the Mg(II)-mediated
cyclization reaction without the use of the imine coligand. The
absence of an imine leads to the decrease of both chemical yield
and er values. These above results clearly revealed that the Dpp-
imine coligand not only performed as a powerful achiral additive

to elevate the enantioselectivity but also acted as a cocatalyst to
enhance the transformation efficiency.

Reactions with the representative phenol substrates were also
evaluated, which showed moderate yields and higher er values.
To determine the absolute configuration of the cyclization
adduct, we synthesized compound 4 from the cyclization of
substrate 1a to give 2a at a 2.0 mmol scale production, followed
by the reduction of the ester group and functional group
protection (Scheme 4).

To illustrate how the DPP-imine coligand enhances the
reaction’s transformative efficiency and enantioselectivity, we
performed a series of controlled and mechanistic experiments.
Nonlinear effect studies disclosed a linear relationship between
the ee values of ligand L1 and oxa-Michael cyclization adduct 2a
(Figure 1A). This linearity result implies that in the presence of
coligand A8, the active catalyst might be the monomer complex.
The ESI analysis experiment also supports the single-metal
center observation by the characterization of coordination
complexes I (L1/Mg/A8 = 1:1:1) and II (L1/Mg/A8 = 1:1:2)
(Figure 1F,G). Notably, under the mass spectrometry test
conditions, imine A8 could form complexes with the sodium
cation accordingly, thus reducing the relative abundance of
magnesium complexes (Figure 1E).

Further, 31P NMR studies gave more evidence of the
formation of complexes I and II (Figure 1D). Additionally, we
also compared the transformations with a different coligand’s

Scheme 4. Further Extension of the Oxa−Cyclization
Reaction and Confirmation of the Absolute Configuration
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(A8) loading amount (L1/Mg/A8 = 1:1:1 vs L1/Mg/A8 =
1:1:2). An interesting finding is that the conversion under 15
mol % A8 is slightly faster than the situation of 30 mol % loading
amount (Figure 1B). Besides, with the catalyst system of L1/
Mg/A8 = 1:1:2, the cyclization adduct 2a could achieve a
relatively high level of enantioselectivities in a shorter time
(Figure 1C). We speculated that these results might be due to
the formation of more than one complex with different
coordination directions, as observed in the 31P NMR analysis
(Figure 1D). However, by adding 2.0 equiv of imine A8 to L1/
Mg, the favorable complex I leading to high er values formed
more quickly through the coordination substitution of substrate
1a with imine A8.

In the following experiments, we focused on the detailed
functions of the coligand Dpp-imine A8. Screening of achiral
coligands have pointed out that most coordination additives,
including various imines, pyridine, and triphenylphosphine
oxide (TPO), would greatly enhance the efficiency of the
cyclization process (Figure 2A). Meanwhile, some of selected
coligands obviously improved the enantioselectivities, implying
that the coordination complexes forming from the coligands to
L1/Mg can result in a more favorable chiral environment
(Figure 2B). Among these selected coligands, Dpp-imine A8
presents the most powerful chiral control conditions. On the
other hand, we also carried out 1H NMR analysis of the
interactions between the phenol 1a and A8, as well as the 1H

Figure 1. Investigation of the coordination details of the imine cocatalyst in the oxa−cyclization reaction. (A) Nonlinear effect studies of the reaction.
(B) Reaction profile under different loading amounts of A8. (C) Enantioselectivities change during the reaction time with 15 and 30 mol % A8 under
15 mol % L1/Bu2Mg. (D) 31P NMR studies of the relationship between the magnesium catalyst and A8. (E) HRMS analysis of the mixture of L1/
Bu2Mg and A8 [the complexes were generated from L1 (0.05 mmol), Bu2Mg (50 μL, 1.0 M in heptane, 0.05 mmol), and A8 (0.02 mmol)]. (F)
Comparison of the calculated and experimental results of complex I. (G) Comparison of the calculation and experimental results of complex II.
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Figure 2. Further investigation of the imine cocatalyst functions. (A) Monitor of conversions with different coligands. (B) Formal comparison of the
reaction rate under these coligands. (C) Enantioselectivity results with different coligands. (D) 1H NMR analysis of the relationship between 1a and
A8. (E,F) NOESY analysis results of the mixture of 1a and A8, and the complexes might form hydrogen bonds at different sites. (G) 1H NMR
investigation during the reaction time. (H,I) Proposed generation complexes between the catalyst and substrate 1a, implying the deprotonation
process might occur at different sites.
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NMR investigations between 1a and the catalyst L1/Mg/A8. In
the situation of the relationship between 1a and A8, downfield
shift of the active phenol proton was clearly observed in the
presence of A8, and a higher loading amount led to a substantial
shift (Figure 2D).

The hydrogens on the adjacent carbon atoms b and c also
undergo an unambiguous shift. For imine A8, several chemical
shifts were also observed accordingly. Interestingly, by the
analysis of the NOESY spectra of the admixture of 1a and A8
(1:1), phenol 1a and imine coligand A8 have intermolecular H−
H interaction (Figure 2E,F, and the NOESY spectra in the
Supporting Information). The 1H NMR analysis also proved
that the phenol itself cannot self-catalyze the oxa-Michael
cyclization process. On the other hand, in the situation of the
relationship between 1a and the catalyst L1/Mg/A8, the
chemical shifts were also observed for the hydrogens Ha, Hb, and
Hc, and passivated peaks were generated for both 1a and A8,
which indicate the coordination results for these two
compounds to L1/Mg accordingly (Figure 2G). Notably, the
shift of the phenol active proton gradually moved downfield
during the reaction’s procedure, and the results might imply that
the activation interaction between the substrate and the catalyst
should be enhanced, or the coligand amount was passively
increased along with the generation of the cyclization adduct.
Given these mechanistic results, we speculated that the coligand
might work with two possible roles in enhancing the efficiency of
the oxa-Michael reaction: one is A8 as a Brønsted base
cocatalyzing the phenol bond to accelerate the cyclization
process (Figure 2H); the other possibility is the enhancement of
the basicity of the phenolic−Mg bond in the catalyst via
coordination of these ligands, including the monodentate
ligands such as pyridine or PMB-imine (Figure 2I). These two
factors can synergistically promote the oxa-Michael reaction and
meanwhile improve the enantioselectivities.

On the above experiments and mechanistic investigations, we
can conclude that the Dpp-imine coligand can dramatically
promote the activation of the phenol substrate as well as benefit
the formation of an excellent chiral environment with the Binol/
Mg complex. The plausible reaction mechanism is summarized

in Figure 3. However, there exist two other questions awaiting
further studies: (a) the deprotonation site in the catalytic
complex; it can be a Dpp-imine coligand or the oxygen atom of
Binol; and (b) the concreteness of the proton transfer and the
cyclization addition process. The two processes may occur in
either a stepwise or a concerted way. To answer these two basic
questions and to shed more light on how imine coordination
induces the chiral environment and affects the reaction
mechanism, theoretical density functional theory (DFT)
calculations coupled with high-level DLPNO−CCSD(T)/
def2-TZVP energy calculations were performed.

The calculation utilized the single-metal coordination
complex R (L1/Mg/A8 = 1:1:1) as the starting point, which
binds with 1 M of substrate 1a to form a s complex RC (−21.0
kcal/mol). In the most plausible pathway leading to the major
product, RC first undergoes an internal bond rotation in the
substrate to give a relatively high-energy complex RC-ROa. In
this process, the naphthyl group of the substrate rotates from a
vertical orientation to a parallel orientation with regard to the
imine plane. Next, a concerted base-assisted deprotonation/
nucleophilic attack process, accompanied by tautomerization,
occurs via the transition state TS1-ROa (−5.0 kcal/mol) with a
barrier of 16.0 kcal/mol, leading to the magnesium enolate
species I1-ROa (−9.0 kcal/mol). The base site was revealed to be
one of the Binol oxygen site (labeled as Oa in Figure 4), whereas
the other Binol oxygen (Ob) as the base site results into a
higher-energy transition state (TS1-ROb in Figure 4A), largely
due to the absence of π-stacking interactions between the
substrate and the chiral pocket formed by the Mg/Binol/
additive. Finally, the protonated Binol donated the proton back
to the unsaturated carbon atom of the substrate viaTS2-R (−2.4
kcal/mol) and yields the desired product. Throughout the
reaction, Binol behaves as a “proton shuttle” to mediate the
cyclization reaction.

In the calculation, we also located TSs corresponding to the
pathway of proton deprotonation and nucleophilic attack step
occurring in a stepwisemanner, which involvesTS4-ROa orTS4-
ROb depending on which Binol oxygen acts as the base. The
stepwise reaction channel is featured with a penta-coordinated

Figure 3. Possible mechanism of the reaction and the relative questions.
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Figure 4. (A) Calculated reaction profile of the Mg-catalyzed oxa-Michael reaction. The possibility of either of the two Binol oxygen atoms (Oa and
Ob) as proton shuttles was examined in the calculation. (B) Structure of key nucleophilic attack transition states and their relative free energies (in kcal/
mol) to the energy reference. Distances are listed in Å and energy in kcal/mol. (C) Calculated intermediates with the substrate proton transferred to
the imine N or the oxygen site in the phosphine oxide group.
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magnesium phenolate intermediate, yielded from the deproto-
nation step. The followed nucleophilic attack step can take place
either with the formed Binol hydroxyl group coordinating to
(path A of penta-coordinated Mg) or dissociating from the
metal center (path B of tetracoordinatedMg in Figure S4). Both
stepwise pathways are calculated to involve transition states
higher by at least 2.3 kcal/mol (TS4-ROaD in Figure S4) than the
concerted TS1-ROa (−5.0 kcal/mol). Notably, the concerted
and stepwise deprotonation/nucleophilic attack pathways (via
TS4-ROaD or TS4-ROa) utilizing the same BINOL oxygen base
site share the same TS (TS2-ROa) for the following turnover
proton transfer process. Meanwhile, TS4-ROb of the stepwise
pathway using the other BINOL oxygen as the base site is
already much higher in energy (by 4.2 kcal/mol) than the rate-
determining TS2-ROa of the most favorable pathway. Therefore,
the reaction leading to themajor enantiomer follows a concerted
base-assisted deprotonation/nucleophilic attack mechanism.

In contrast, the most favorable pathway, leading to the minor
S-configured enantiomer prefers the stepwise deprotonation/
nucleophilic attack mechanism rather than the concerted

mechanism. The concerted pathway shows a transition state
(TS1-SOb) being 1.6 kcal/mol above in energy with respect to
the rate-determining nucleophilic attack transition state (TS4-
SOb) in the stepwise pathway. Compared with TS1-ROa and
TS2-ROa leading to the major enantiomer, the turn over TS4-
SOb leading to the minor enantiomer is higher in energy by >1.3
kcal/mol, which could well explain the excellent enantioselec-
tivity of the current reaction. In the stepwise pathway leading to
the S-configured product, the nucleophilic attack transition state
with the Binol hydroxyl group dissociated from the metal center
is higher in energy by ∼3.0 kcal/mol than the case (TS4-SOb) of
Binol hydroxyl group coordinating with the Mg(II) center.

Additionally, we have examined the possibility of proton
transfer to the imine N site or oxygen in the phosphine oxide
group (Figure 4C). The calculation revealed that imine N as the
base site results into high-energy charge separation intermedi-
ates, while structures with the protonated phosphine oxide could
not be located as minimum on the potential energy surface.
Thus, the possibility of imine N or oxygen site in the phosphine
oxide group as the base site can be faithfully excluded.

Figure 5. Calculated reaction pathway of Mg-catalyzed oxa-Michael reaction in the absence of the Dpp-imine coligand and structures of those key
transition states.
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To gain more insights into the crucial factors responsible for
the excellent enantioselectivity, analysis using the interaction/
distortion energy decomposition model and the independent
gradient model based on the Hirshfeld partition (IGMH)
method was performed for those key reactant complexes (Figure
S2). A close look at those RC structures and their energies
clearly revealed that Mg/Binol/additive forms a perfect chiral
pocket to bind the substrate in a selective way. RC-ROa, the
prereaction complex of TS1-ROa, is 2.8 and 6.6 kcal/mol lower
in energy than RC-SOa and RC-SOb, respectively. RC-SOa and
RC-SOb are the prereaction complexes, leading to the minor S-
configured enantiomer and utilizing different BINOL oxygen
sites as bases. Distortion/interaction analysis suggested that the
energy difference of those RCs mainly comes from the
interaction energy difference between the substrate and the
Mg/Binol/additive complex, though structure distortion also
contributes (Figure S2). The IGMH plot revealed that in RC-
ROa, the substrate shows more pairs of van der Waals
interactions with the Mg/Binol/additive complex, in particular
interactions between the ester group and the Binol aromatic
ring, while RC-SOa and RC-SOb exhibit less pronounced
intermolecular interactions. These observations indicate that
the chiral pocket formed by Mg/Binol/additive favors the
binding and interaction of the pro-R substrate, which is believed
to be responsible for the excellent enantioselectivity.

To explore more details concerning the role of the additive,
we performed additional calculations for the additive-free
reaction (Figure 5). The results showed that, without the
additive, both of the favorable pathways leading to the S- or R-
configured product prefer the stepwise deprotonation/nucleo-
philic attack pathway, while the concerted pathway is much

higher in energy. Importantly, the most plausible reaction
pathway in the absence of the additive shows a higher barrier by
ca. 3 kcal/mol than the case with the additive. The main reason
for this barrier increment can be attributed to the formation of a
relatively stable/inactive deprotonation intermediate (I5-ROa),
which is ∼6.3 kcal/mol lower in energy than the reactant
complex. Charge analysis revealed that the phenolate oxygen in
I5-ROa is more charge-deficient (−0.749 e), and thus a poorer
nucleophile, than that in the additive-present deprotonation
intermediate (−0.767 e in I4-ROa). As a result, nucleophilic
attack in the absence of the additive exhibits a relatively higher
barrier. This is in accordance with the experimental observation
that introducing an additive accelerates the reaction. Besides, in
the absence of the additive, the overall barrier leading to the R-
(22.0 kcal/mol) or S- (22.4 kcal/mol) configured product is
comparable, since Mg/Binol could not form a chiral pocket
(Figure 5) to discriminate transition states in the pro-R and pro-S
conformation. This reinforces our conclusion of the formation
of a chiral pocket in the presence of the imine additive.

These experimental and theoretical results indicate three
unique roles of the additive (Figure 6). First, the additive,
together with the chiral Binol-coordinated Mg, forms a chiral
pocket to favor the binding and reaction of the substrate in the
pro-R conformation. Second, the coordination of the imine
additive could modulate the stabilization effect of the metal on
the forming negatively charged phenolate oxygen site and avoid
the formation of a stable/inactive deprotonation intermediate.
This effect could account for the rate enhancement when
introducing an additive in the reaction. Third, the micro-
environment formed by Mg/Binol/additive favors the deproto-
nation and nucleophilic attack steps of the pro-R substrate

Figure 6. Summary of the role of additive in the reaction. Mg/Binol/additive complex is shown in spheres, while the substrate is shown in sticks.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00584
JACS Au 2024, 4, 164−176

173

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00584/suppl_file/au3c00584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00584/suppl_file/au3c00584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00584/suppl_file/au3c00584_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00584?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00584?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00584?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00584?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


completed in a concerted pathway, rather than the stepwise
pathways that are followed by the additive-free catalyst. This
indicates the role of the additive in switching the reaction
channel. These three factors are expected to account for the
experimental results that the reaction in the presence of an
additive shows a better enantioselectivity and a higher reactivity
than the additive-free reaction.

■ CONCLUSIONS
In summary, we have successfully identified Dpp-imine as the
powerful coligand in the magnesium-catalyzed intramolecular
oxa-Michael reaction. This active imine ligand can not only
create an excellent chiral environment with an intense
nonsymmetrical pocket but also dramatically enhance the
efficiency of the cyclization reaction by switching the stepwise
pathway to a concerted process, in which the deprotonation and
cyclization addition progress show a lower energy requirement.
A series of mechanistic investigation experiments and DFT
calculation results support the aforementioned conclusion. This
work will stimulate more research works to extend the role of
active imines as ligands beyond the conventional substrate
model in former studies. Our further work on Dpp-imine
coligand for other magnesium-based catalytic reactions is
ongoing, and we will apply this novel catalytic strategy in
more asymmetric reactions.

■ METHODS

Typical Procedure for the Magnesium-Catalyzed
Cyclization Reaction
To a stirred solution of L1 (8.58 mg, 0.03 mmol) in toluene (0.4 mL)
was added Bu2Mg (30 μ L, 1.0 M in heptane, 0.03 mmol) under an
argon atmosphere. After the mixture was stirred at room temperature
for 30 min, 1 (0.20 mmol) and A8 (0.06 mmol) in toluene (0.6 mL)
were added. Then, the reaction was stirred at 40 °C overnight. Then, it
was cooled to 0 °C, and dry methanol (0.2 mL) and NaBH4 (7.6 mg)
were added, and the reaction was quenched with saturated NH4Cl;
then, the reaction was extracted three times with DCM. The combined
organic layers were dried overNa2SO4 and concentrated under vacuum,
and the product was purified by column chromatography to obtain the
cyclization adducts.

Note: the introduction of NaBH4 makes the column chromatog-
raphy process easier to remove the aldehyde, which is generated from
the decomposition of DPP-imine A8.
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