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Density functional theory calculations have been performed to investigate the nickel-catalyzed [3 +2]
cycloaddition of cyclopropenones and o,-unsaturated ketones. The computations show that the overall
catalytic cycle consists of four major steps, including: (1) C-C oxidative addition of the cyclopropenone to
afford the four-membered nickelacycle, (2) isomerization, (3) migratory insertion via a 4,1-insertion
fashion, and (4) C-C reductive elimination to deliver the [3+2] cycloaddition product. The
enantioselectivity is mainly attributed to the 7-7 interaction between the diphenylcyclopropenone
moiety and the phenyl substituent of the oxazoline ring of the ligand. The chemoselectivity of the C=0
versus C=C insertion was rationalized in terms of the steric effect.
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Transition metal-catalyzed cycloaddition reactions have gained
tremendous research interest in organic synthesis, which provide
one of the most powerful tools for the construction of carbo- and
heterocycles [1-4]. In particular, the small ring systems (i.e.,
cyclopropanes and cyclopropenes) have been widely employed in
this type of transformation, due to that the relief of the ring strain
would provide the driving force for the C-C oxidative addition to
the metal center to afford the key metallacycles [2,3]. However,
despite the significant progress has been witnessed, the develop-
ment of the enantioselective reactions remains a central challenge
in this field. In this context, Li and co-workers very recently
reported an elegant example of the nickel-catalyzed [3+2]
cycloaddition of a,p-unsaturated ketones/imines with cyclopro-
penones under relatively mild reaction conditions (Scheme 1) [4].
The salient feature of the reaction is the excellent enantioselec-
tivity and exclusive chemoselectivity. It was found that with the
combination of the pre-catalyst Ni(cod), and the chiral quinoline-
oxazoline ligand L, the reactions of cyclopropenones 1 and a,-
unsaturated ketones/imines 2 can give the [3 +2] cycloaddition
products R-3 exclusively with excellent enantioselectivity (up to
98% ee), providing a highly efficient strategy for the enantiose-
lective synthesis of the y-alkenyl butenolides and y-lactams [5].

The originally proposed reaction mechanism is depicted in
Scheme 2. It was suggested that the reaction is initiated by the
C—C oxidative addition of cyclopropenone 1 to give the four-
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membered nickelacycle A, from which the coordination of the
incoming a,p-unsaturated ketone/imine 2 to the Ni center leads to
intermediate B. This intermediate can undergo the selective
migratory insertion of C=E into the Ni-C(acyl) bond to afford n'-
allyl Ni(II) intermediate C-1 or n>-allyl Ni(Il) intermediate C-2. The
catalytic cycle is then closed by the C—C reductive elimination to
forge the [3 + 2] cycloaddition product. Alternatively, the migratory
insertion of 2 into the Ni-C(acyl) bond can occur via a 4,1-insertion
fashion to produce the eight-membered nickelacycle C-3, from
which an n'-n? allylic isomerization can take place to deliver C-2.

Considering the detailed reaction mechanism and the origins of
the enantio- and chemoselectivities remain unclear, we therefore
decided to investigate the title reaction computationally by means of
density functional theory (DFT) calculations at the level of B3LYP-D3
(B])-SMDto1uene)/6—311+G(d,p)-SDD//B3LYP-D3(BJ)/6—31G(d)-LA-
N L2DZ (see Supporting information for computational details) [6].
The experimentally used diphenylcyclopropenone 1a and a,p-
unsaturated ketone 2a were selected as the model substrates
(Fig.1).To be noted, since that the redox-active quinoline-oxazoline
ligand L was employed in the reaction, both singlet (closed- and
open-shell) and triplet spin states of all species were considered,
and the spin-crossover phenomenon was indeed observed [7]. For
the sake of clarity, in the main text we will only present the most
favorable pathway, and the other results are provided in Supporting
information.

As shown in Fig. 1, intermediate IM , which is generated by
the highly exergonic ligand exchange process between pre-catalyst
Ni(cod), and ligand L (see Supporting information for details), was
chosen as the starting point of the calculations. The coordination of
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Scheme 1. Ni(0)-catalyzed [3 +2] cycloaddition of cyclopropenones 1 and a,f-
unsaturated ketones/imines 2.
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Scheme 2. Proposed reaction mechanism.

the C—C double bond of diphenylcyclopropenone 1a to the Ni
center of IM1°%5 leads to intermediate IM2%S, which was
calculated to be exergonic by 2.8 kcal/mol. The computations
show that although IM2P'et is much less stable than IM2°55 (see
Supporting information for the minimum energy crossing point),
the subsequent C—C oxidative addition was found to occur in the
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triplet state via transition state TS1™P't rather than that in the
singlet state (see Supporting information for details) [8], with an
energy barrier of 8.8 kcal/mol relative to IM2%Pet (je, 17.3
kcal/mol relative to IM255). The C—C oxidative addition was
found to be exergonic, and the resulted intermediate four-
membered nickelacycle IM3"P' js more stable than IM2tiPlet
by 5.5 kcal/mol.

According to the proposed reaction mechanism (Scheme 2), the
next step of the reaction is the migratory insertion of ap-
unsaturated ketone 2a into the Ni-C bond. The reaction occurring
directly from IM3"P'et was first considered. However, the energy
barriers were computed to be relatively high (see the Supporting
Information for details). Instead, an isomerization of IM3%iPlet
through the rotation of the Ni-C(alkenyl) bond via transition state
TS2"Plet was found to take place, requiring an energy barrier of
only 3.1 kcal/mol relative to IM3"P't, The resulted nickelacycle
IM4"iPlet differing in the relative orientation of Ni-C(alkenyl) bond,
is slightly higher in energy than IM3% "'t by 1.6 kcal/mol.

Though the C—C oxidative addition and the isomerization were
computed to occur preferentially at the triplet state, the ensuing
reaction steps, i.e., migratory insertion and C—C reductive
elimination, were found to take place at the singlet state (see
Supporting information for the minimum energy crossing point).
Starting from the square planar IM4“>S which is much more stable
than IM4"P'et by 10.5 kcal/mol, the possible pathways leading to
final [3+2] cycloaddition products R-3a and S-3a were all
considered. The computations show that the migratory insertion
into the Ni-C(acyl) bond is much more favored than that into the
Ni-C(alkenyl) bond (see Supporting information for details).
Moreover, the 4,1-insertion, due to the presence of the additional
stabilization of the C*—C* double bond to the Ni center, was
computed to be much more favored than the 2,1-insertion (i.e.,
C=0 insertion) [9,10].

The migratory insertion begins with the coordination of the
C®—C* double bond of 2a to the Ni center of IM4“SS. The resulted
intermediates R-IM5%° and S-IM5S then undergo the 4,1-
insertion via transition states R-TS3°%5 and S-TS3°5, respectively.
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Fig. 1. Calculated energy profile of the Ni(0)-catalyzed [3 +2] cycloaddition of diphenylcyclopropenone 1a and a,-unsaturated ketone 2a. Spin states are indicated in

superscript (CSS refers to closed—shell singlet and OSS refers to open—shell singlet).

3016



L. Liu et al.

Interestingly, the IRC calculations imply that instead of the eight-
membered nickelacycles (e.g., C-3, Scheme 2), the 4,1-insertion
leads directly to the n3-allyl Ni(ll) intermediates R-IM65S and S-
IM6SS, from which the C-C? reductive elimination can occur
readily via transition states R-TS4°%S and S-TS4%S, delivering the
final [3 + 2] cycloaddition products R-3a and S-3a, respectively. It
should be mentioned here that the C-C* reductive elimination was
also considered in the calculations, which could give the
experimentally not observed [3 +4] cycloaddition products. The
results show that the energies of the C-C* reductive elimination are
much higher than those of the C-C? reductive elimination, thereby
ruling out this possibility (see Supporting information for details).

The computations reveal that from intermediate IM455, the C-C
reductive elimination is the irreversible step for the R-pathway,
while for the S-pathway the irreversible step is the 4,1-insertion.
The enantioselectivity of the reaction is thus determined by the
competition between transition states R-TS4°S and S-TS3°55, The
calculated energy difference of 2.6 kcal/mol (4.4 kcal/mol of R-
TS45S versus 7.0 kcal/mol of S-TS3°5%) corresponds to a calculated
enantioselectivity of 98% ee at the reaction temperature (25 °C),
being in excellent agreement with the experimentally observed
95% ee [4].

The origins of the enantioselectivity are mainly attributed to the
significant preference of 4,1-insertion transition state R-TS3°%°
over S-TS3°%5 (1.8 kcal/mol of R-TS3°5° versus 7.0 kcal/mol of S-
TS3°%%). The optimized geometries of the key transition states are
given in Fig. 2a. The results show that for the 4,1-insertion, the key
bond distances in both R-TS3°%° and S-TS3°5S are quite similar.
However, in R-TS3°5%, the diphenylcyclopropenone moiety was
found to be rearranged to parallel with the phenyl substituent of
the oxazoline ring of the ligand (highlighted in green, Fig. 2). As a
consequence, the 7-7 interaction was observed in R-TS3°%5, as
evidenced by the reduced density gradient analysis of R-TS3°55
(Fig. 2b). On the other hand, in S-TS3°%, no such interaction can be
found due to the opposite orientation of the two moieties.
Therefore, the presence of the additional -7 interaction makes R-
TS3°%5 much lower in energy than S-TS3°%S, leading to the

(a)

#-x interaction

og Ni-C = 2.23 Ni-C =227
Cc-0'=185 C-0'=1.89
Ni-C? = 2.52 Ni-C? = 2.53
Ni-C® = 2.06 Ni-C® = 2.06

Ni-C* = 2.02 Ni-C'=203 S-TS30SS

-

Ni-C =2.09 Ni-C = 2.00
C-C?=2.06 C-C?=2.04
Ni-C? = 2.29 Ni-C? = 2.25
Ni-C* = 1.94 Ni-C® = 1.95
R-TS4CSS Ni-C* = 2.02 Ni-C*=205 S.TS4CSS
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experimentally observed enantioselectivity. This argument is also
in accordance with the experiments that the absolute configura-
tion of the product was found to be dictated by that of the 5-
position in the ligand (ie., the configuration of the phenyl
substituent of the oxazoline ring) [4]. The additional calculations
using the ligand with the opposite configuration of the phenyl
substituent of the oxazoline ring were further performed to
support our argument. The results indeed show that the
complementary enantioselectivity should be observed in the
reaction (see Supporting information for details).

The trend of the reactivity of the C-C? reductive elimination was
found to be opposite to that of the 4,1-insertion, and R-TS45 was
calculated to be much higher in energy than S-TS4°S by 6.5
kcal/mol (4.4 kcal/mol of R-TS4S versus -2.1 kcal/mol of S-TS4<SS),
The origins of the reactivity difference are mainly due to that in R-
TS4°5S, the 7-7 interaction observed in R-TS3°%S is absent in order
to achieve the geometry of the C-C2 reductive elimination. Instead,
the steric repulsions between the diphenylcyclopropenone moiety
and the phenyl substituents of the oxazoline ring were found (2.14
and 2.31A, Fig. 2a), thus enabling the opposite reactivity.

Finally, the chemoselectivity of the C=0 versus C=C insertion
was investigated. As shown in Fig. 3, the C=C insertion was found
to proceed via the 1,4-insertion through the triplet transition state
TS5 P with an energy barrier of 17.3 kcal/mol relative to R-
IM5€5S, The C=C insertion was calculated to be higher in energy
than the C=0 insertion (via R-TS3°%%) by 5.5 kcal/mol, being in line
with the experimentally observed exclusive C=0 insertion [4].
Scrutiny of the optimized geometries of R-TS3°%5 and TS5"Plet
(Figs. 2 and 3) shows that the origins of the chemoselectivity could
be mainly due to the steric effect. It was found that the distance of
the forming C-0' bond in R-TS3°° is 1.85 A. However, in TS5 P!,
the distance of the forming C-C* bond is quite long, being 2.33 A,
which is probably due to the steric replusion between C* group and
the acyl group is greater than that between the O! atom and the
acyl group. Furthermore, the interactions between the Ni center
and the allyl group in R-TS3°%° is stronger than that in TS5 P! (Ni-
(?=2.52, Ni-C*=2.06 and Ni-C*=2.02A in R-TS3°*° versus Ni-

(b)

#-minteraction

Fig. 2. (a) Optimized geometric structures of the key transition states. Bond distances are given in A. (b) Reduced density gradient analysis of R-TS3°5.
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Fig. 3. C=C insertion via the 1,4-insertion. Bond distances and energy are given in A
and kcal/mol, respectively.

C?=2.49, Ni-C>=2.29 and Ni-O' =2.38 A in TS5"P'%). The combi-
nation of these two factors could result in the energy of R-TS3°5°
being much lower than TS5%Pet,

To summarize, we have herein presented a mechanistic study
on the nickel-catalyzed [3 + 2] cycloaddition of cyclopropenones
and a,p-unsaturated ketones by means of DFT calculations. The
computations show that the reaction is initiated by the C-C
oxidative addition of the cyclopropenone to afford the four-
membered nickelacycle, from which an isomerization was
required prior to the migratory insertion. The migratory insertion
was found to proceed through a 4,1-insertion fashion to give the
n>-allyl Ni(Il) intermediate. The catalytic cycle is then completed
by the C-Creductive elimination to deliver the [3 + 2] cycloaddition
product. The enantioselectivity of the reaction is determined by
the competition between the C-C reductive elimination of the R-
pathway and the 4,1-insertion of the S-pathway. The origins of the
enantioselectivity are mainly attributed to the m-m interaction
between the diphenylcyclopropenone moiety and the phenyl
substituent of the oxazoline ring of the ligand. The experimentally
observed exclusive C = O insertion was ascribed to the steric effect.
The present results provide a number of new insights into the
nickel-catalyzed cycloadditions involving small-ring systems,
which should be helpful for the better understanding of related
reactions and provide important implications for the future design
of new catalytic systems.
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2021.04.006.
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