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Abstract: Density functional theory (DFT) characterizations were employed to resolve the structural
and energetic aspects and product selectivities along the mechanistic reaction paths of the nickel-
catalyzed three-component unsymmetrical bis-allylation of alkynes with alkenes. Our putative
mechanism initiated with the in situ generation of the active catalytic species [Ni(0)L,] (L = NHC)
from its precursors [Ni(COD),, NHC-HCl] to activate the alkyne and alkene substrates to form the
final skipped trienes. This proceeds via the following five sequential steps: oxidative addition (OA),
B-F elimination, ring-opening complexation, C-B cleavage and reductive elimination (RE). Both the
OA and RE steps (with respective free energy barriers of 24.2 and 24.8 kcal-mol~1!) contribute to the
observed reaction rates, with the former being the selectivity-controlling step of the entire chemical
transformation. Electrophilic/nucleophilic properties of selected substrates were accurately predicted
through dual descriptors (based on Hirshfeld charges), with the chemo- and regio-selectivities being
reasonably predicted and explained. Further distortion/interaction and interaction region indicator
(IRI) analyses for key stationary points along reaction profiles indicate that the participation of the
third component olefin (allylboronate) and ‘BuOK additive played a crucial role in facilitating the
reaction and regenerating the active catalyst, ensuring smooth formation of the skipped triene product
under a favorably low dosage of the Ni(COD), catalyst (5 mol%).

Keywords: nickel catalysis; NHC; three-component reaction; mechanism; selectivities; dual descriptors;
density functional theory (DFT)

1. Introduction

Multi-component reactions (MCRs) are an important strategy for the concise and
efficient synthesis of complex molecules [1,2], including transition metal-catalyzed MCRs
that remain established as a "hot topic” [3—6]. In particular, nickel-catalyzed MCRs, due
to the low cost, availability and special properties of nickel [7,8], continue to generate
attention [9-12]. Yet, Ni-based MCRs still face many challenges such as (1) overcoming
competitive and side reactions among multiple components and (2) effective control of
chemo-, regio- and stereo-selectivities of the reaction [13,14]. Detailed computational char-
acterizations provide atomistic details from which to raise awareness and understanding
of MCRs towards helping overcome these challenges [15-17]. Yet, even for seasoned
computational scientists, accurate determinations of structure and energetics along the
reaction profiles of the putative mechanisms, towards predicting selectivities of MCRs, re-
quire significant computational resources, replete with technical difficulties and non-facile
interpretation of the result trends. Hence, the provision of accurate reaction-selectivity
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predictions through relatively low-cost computations is of great significance to both com-
putational and experimental developments in this and related areas [18,19].

In 2014, Ichitsuka and co-workers prepared 2-fluoro-1,3-cyclopentadienes under
mild conditions by using trifluoromethyl olefins and alkynes as substrates, assisted by
Ni(0)/PCys3 species (Scheme 1a) [20]. This reaction can lead to cyclopentadiene frameworks
directly and regioselectively, yet it requires 1.0 equiv of the nickel catalyst. Recently, Li
and co-workers synthesized skip trienes (P1) by employing trifluoromethyl alkenes (R1),
alkynes (R2) and allylboronate (R3) as substrates, realizing good yields (up to 83%) and
high regio- and stereo-selectivities under mild conditions with the help of a Ni(0)/NHC
catalytic system (Scheme 1b) [14]. It involved a third component (allylboronic acid pinacol
ester) and potassium t-butoxide (‘BuOK) additive, featuring a low dosage (5 mol%) of the
nickel catalyst Ni(COD),; it was favorable relative to Ichitsuka’s 1.0 equiv.

(a). Ichitsuka's work, 2014
Ni(COD), (1.0 equiv) R R,

e r s FsC PCy; (1.0 equiv) /@
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Scheme 1. Overview of selected Ni-catalyzed two-component (a) [20] and three-component
reactions (b) [14].

Li et al. speculated that the reaction may proceed by the following putative mechanism:
substrates R1 and R2 undergo cyclization to form intermediate M1 under the help of catalysts
(Scheme 1), then M1 experiences B-F elimination and is converted into intermediate M2,
which coordinates with substrate R3, assisted by a base additive. Subsequently, intermediate
M3 is generated through the removal of a -BPin group, after which the final product P1
is produced through reductive elimination of M3. However, this could be considered as
being overly speculative due to the omission of the essential pre-catalysis process, while also
failing to justify the high selectivities exhibited in the reaction. The participation of the third
component R3 and 'BuOK, as well as the significant changes in products and in the amount
of catalysts, indicate that the mechanism of this reaction, especially the catalyst recycling
mechanism, differs significantly with respect to the two-component reaction. However, the
roles of the third component (allylboronic acid pinacol ester) and ‘BuOK additive, as well as the
mechanistic bases for the pronounced reduction in catalyst dosage (from 1.0 equiv in Ichitsuka’s
two-component reaction to 5 mol% in Li’s three-component reaction), are currently unclear,
which hinders and limits the rapid development of MCRs.
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Towards resolving the relevant atomistic aspects of MCRs (structure, energetics and
specificity) and tackling the issues outlined above, we conducted computational studies
on the reaction shown in Scheme 1b by employing the density functional theory (DFT)
method, with the reaction mechanism (including pre-catalysis and recycling and regen-
eration of the catalyst) as well as selectivities explored and discussed in detail. Based
on confirmation of the rate-determining step (RDS) and selectivity-controlling step (SCS),
distortion/interaction analyses [21,22] and interaction region indicator (IRI) analyses [23]
were employed to rationalize the high selectivities as well as the role of the base additive. In
addition, relatively low-cost computational methods (e.g., dual descriptors [24]) were also
used to reliably predict the selectivities of the reaction (Scheme 1b). The emerging good
agreement of our theoretical predictions and the corresponding experimental trends makes
this work meaningful in helping the organometallic and wider catalysis communities
comprehend the mechanisms of such Ni-NHC catalyzed multi-component cyclizations at
the molecular level. These trends emerging from relatively low-cost computations provide
excellent guidance for experimental chemists in screening substrates and improving MCRs.

2. Results and Discussion
2.1. Reaction Mechanism

Characterizations of the reaction profile were initiated at the IDSCRF("Hex)-PBEO-
D3(BJ)/6-311+G(d,p)-SDD(Ni)/ /IDSCRE("Hex)-PBE0-D3(BJ) / 6-31+G(d)-SDD(Ni) level
and showed that the reaction undergoes the following principal steps: pre-catalysis, oxida-
tive addition (OA), ring-opening complexation and reductive elimination (RE). In addition,
the third component R3 can easily interact with the ‘BuOK additive to form a new ‘sub-
strate’ R3/, accompanied by a favorable release of 24.7 kcal-mol ! of free energies (Figure 1).
This signals that the majority of the unreacted substrate R3 should exist in the R3’ form. For
reference, R1 + R2 + R3/ is set as the starting point of the catalyzed chemical transformation
and assigned a relative free energy of zero (AG = 0), with all other energetics expressed
relative to this.

OBu
BPin ¢ - . /
e + 'BuOK K
_A~_-BPin
R3 AG = —24.7 kcal'mol™ R3'

Figure 1. Energetics (AG in kcal-mol 1) for the complexation of R3 with ‘BuOK.

2.1.1. Pre-Catalysis

The NHC ligand is shown to be cable of capturing protons from alcohols and gen-
erating NHC-H" plus alkoxy anions (R-O7) [25], which would be the reverse process
of the pre-catalysis. To understand the interaction mechanism of the catalyst precursors
with the base additive well, we conducted DFT calculations on the pre-catalysis process
of the reaction (Figure 2). The catalyst precursor NHC-HCI] (CAT1) can initially interact
with fBuOK to form the intermediate INT1-I, which then undergoes hydrogen migra-
tion through transition state TS1-I, transforming into intermediate INT2-I via a near
barrier-free process (AAE = 0.6 kcal-mol~!, with a negative AAG). Afterwards, INT2-I
removes the 'BuOK-KCl fragments and forms the NHC ligand (L), which then undergoes
ligand exchange with Ni(COD), to exothermically generate the active catalytic species
Ni(0)L, (L = NHC), releasing 30.2 kcal-mol~! of free energies. On the contrary, the forma-
tion of Ni(0)L is endothermic and requires an absorption of 21.9 kcal-mol ! of free energies,
indicating that the formation of Ni(0)L is almost uncompetitive to the formation of Ni(0)L,.
Namely, Ni(0)L; is more stable than Ni(0)L, confirming the active catalytic species in this
reaction is Ni(0)L, rather than Ni(0)L.
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Figure 2. Computed free energy profiles (AG in kcal-mol~1) for the activation of the pre-catalyst,
with electronic energies (AE) noted in parentheses.

2.1.2. Oxidative Addition (OA)

After the generation of the active catalytic species Ni(0)L,, the oxidative addition (OA)
between substrates R1 and R2 was evaluated at the IDSCRF("Hex)-PBE0-D3(B])/6-311+G(d,p)-
SDD(Ni)/ /IDSCRF("Hex)-PBE0-D3(BJ)/6-31+G(d)-SDD(NNi) level (Figure 3). The active species
Ni(O)L, quickly coordinates with substrate R2 to form complex COMI-I, releasing
33.8 kcal-mol ! of free energies. COMI-I then reacts with substrate R1 and removes one
molecule of ligand L, transforming into complex COM2-I (Figure S1 in Supplementary Ma-
terials for other possible formation pathways of COM2-I), which subsequently undergoes
oxidative addition (OA) through transition state TS2-I, surmounting a total free energy barrier
of 24.2 kcal-mol~! (COM1-I — COM2-I — TS2-) to form a five-membered ring intermediate
INT3-I (M1 in Scheme 1), which is feasible at the experimental temperature of 50 °C. After-
wards, intermediate INT3-I undergoes -F elimination through transition state TS3-I and forms
the intermediate INT4-I, overcoming a relatively low free energy barrier of 15.9 kcal-mol !
(8.3 kcal-mol ! lower than that of TS2-I), signaling that the oxidative addition step is the
controlling process of the reaction rate at this stage. If the asymmetric alkene (R2) and alkyne
(R1) coordinate with the nickel center in complex COM1-I in different orientations, complexes
with different regioselectivities will be formed (see Section 2.2).

AG (kcal'mol™")

Ni(O)L, L
-30.2

RO
PG\t
e

Ph Ph

|
FaC_ Nil
L\ /‘!_ . XI Me
FsC_ Ni Ph

Figure 3. Computed free energy profiles (AG in kcal-mol ') for the oxidative addition of R1 with R2.
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2.1.3. Ring-Opening Complexation

As shown in Figure 4, the five-membered ring intermediate INT4-I formed through
the oxidative addition process can endothermically undergo C-C single bond rotation
(AAG = 2.6 kcal-mol 1) to convert into ring-opened intermediate INT5-I (M2 in Scheme 1),
which is in a more favorable configuration for the subsequent formation of product P1.
Intermediate INT5-I on Path [ will then interact with R3’ (formed through interaction of
the third component R3 with ‘BuOK, Figure 1) to form intermediate INT6-I, which then
undergoes C-B cleavage through transition state TS4-1 (AAG = 7.1 kcal-mol~!) to form
the more stable intermediate INT7-I. The whole process releases 27.6 kcal-mol~! of free
energies and should be easily achievable at an experimental temperature of 50 °C.
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0.0 D [N — Nl —
Ph. Me F A F2C R FaC
o ,Ph BPin __— @~ __. B
Nit == T84l 4\ Pin
F F,C INTE-l 172 INT7-1I

“323g5n  Me  Tsadn

362
BN ok | mph 411 —e
R3’ Y il A
INT4-1 s s F/Nl i F;C/ 151.6 INT5-1
856 ~ e TS4-1
BPin-'BUOK 817277 ‘
oL h A
</ -53.0
F2C Nt _Ph o me | ome Ay
54 e
\?\/I\( _ INT6-| »
Ph Me Ty Ph -68.8 &l e
’1_' Ph. Me L\N'“ ={ Jn
F.C L >=( ph N INT7-1
NiLy i ’/ F2C -83.2
F_ FoC BPin-'BuOK
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Figure 4. Computed free energy profiles (AG in kcal-mol~1) for the ring-opening complexation process.

Alternatively, if intermediate INT5-I reacts with R3’ and removes ‘BuOK (i.e., 'BuOK
does not participate in the reaction), the reaction may undergo C-C coupling along Path II,
transforming INT5-I into intermediate INT7-II through transition state TS4-II. How-
ever, the total free energy barrier of TS4-II (INT6-I1 — INT5-I — INTe6-II — TS4-II,
51.6 kcal-mol 1) is 44.5 kcal-mol ! higher than that of TS4-I (7.1 kcal-mol~1), which indi-
cates null possibility for the reaction to occur along Path II (see Figure S2 for subsequent
details of Path II). Similarly, if intermediate INT6-I does not undergo C-B cleavage but expe-
riences C-C coupling and reductive elimination directly through transition state TS4-III, the
reaction must surmount a free energy barrier of 27.7 kcal-mol~!, which is 20.6 kcal-mol~!
higher than TS4-I. This suggests that Path I is much more preferable than Path IIl in energy.
In addition, the possibility of R3’ undergoing C-B cleavage through transition state TS-R3’
to transform into the intermediate R3”/, and then reacting with intermediate INT5-I to
transform into intermediate INT7-I (Path IV), was also investigated. It was found that the
free energy barrier of TS-R3’ (21.4 kcal-mol ') is 14.3 kcal-mol~! higher than TS4-I, and all
stationary points on Path IV are significantly less stable than those along Path I. Therefore,
the reaction is most likely to proceed along Path I at this stage.

2.1.4. Reductive Elimination (RE)

As shown in Figure 5, the intermediate INT7-I formed will undergo C-C coupling and
reductive elimination through transition state TS5-1, overcoming a free energy barrier of
24.8 kcal-mol~! and transforming into intermediate INT8-I. Afterwards, INT8-I removes
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the 'BuOB(Pin)-KF fragment and converts to intermediate INT9-I. Finally, INT9-I interacts
with ligand L and forms the product P1, accompanied by the regeneration and recycling
of the active catalytic species Ni(0)L, (L = NHC). If intermediate INT7-I removes the
'BuOB(Pin)-KF fragment and transforms to INT8-V (M3 in Scheme 1) first (Path V), the
following C-C coupling and reductive elimination process must overcome a total free energy
barrier as high as 35.4 kcal-mol~! (INT7-I — INT8-V — TS5-V), which is ~10.6 kcal-mol !
higher than that for Path I (24.8 kcal-mol~!). This indicates that the reaction would barely
proceed along Path V at an experimental temperature of 50 °C, and Path I clearly dominates
the formation of product P1.

AG (kcalsmol™) : E::E{/
A [L=NHC
—40 =
Ph Me
— L — Ph
- il
BPin. £ Y FaoC
-60 o I e
] Buo—-K 4 ©
—Ph
Me
_70—
4 P1
-792
_80—
- - N,u>_<_§ L—Nio\/ F2C  L—Ni2, F2C
BPin, £ = e BPing ( ’
~100 = A ‘BuO~K—F--H
100 gudK Y
-110 >

Figure 5. Computed free energy profiles (AG in kcal-mol ) for the reductive elimination process.

IRI analyses of transition states TS5-I and TS5-V show significant van der Waals inter-
action (Figure 6, in green) between the leaving fragment (‘BuOB(Pin)-KF) and the remaining
part of transition state TS5-I, translating to TS5-I being a more stable structure than TS5-V.
Additionally, negligible steric hindrance (in red) can be seen in both molecular graphics, which
suggests that the electronic effect is the key factor determining the reaction rate here.

[L = NHO] ZINHC Ph Me

L—Nil/ :
S : \

Figure 6. Interaction region indicator (IRI) analyses for TS5-V (a) and TS5-I (b).
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In summary, the final product P1 should be generated as follows: the catalyst precur-
sors (Ni(COD), and NHC-HCl) initially interact with the ‘BuOK additive, which undergoes
hydrogen migration and generates the active catalytic species Ni(0)L, (L = NHC) in situ af-
ter removal of the 'BuOH-KCl fragment (Figure 7). Then, Ni(0)L; activates alkyne and olefin
substrates (R2 and R1), undergoes oxidative addition to transform into the five-membered
ring intermediate INT3-I, followed by B-F elimination and converts into intermediate
INT4-1. Afterwards, INT4-I experiences ring-opening through C-C single bond rotation to
complex with R3’, leading to intermediate INT7-I through C-B cleavage. Finally, INT7-I
undergoes C-C coupling and reductive elimination, removes the ‘BuOB(Pin)-KF fragment
and regenerates the active species Ni(0)Ly, while forming product P1. The free energy
barriers for the oxidative addition and reductive elimination processes are 24.2 (TS2-I)
and 24.8 (TS5-I) kcal-mol !, respectively, both higher than others and indicating their
reaction rate-controlling characteristics. Half-lives transferred from the above two steps’
barriers are 0.66 h and 1.69 h, respectively, while the reaction times delivered from the
energy span approximation formula proposed by Kozuch and Shaik [26] are 0.96 h and
2.44 h, respectively, with both being reasonably consistent with the experimental reaction
time (~24 h) and illustrating that these kinetic predictions are reliable.

| AG (keal'mol™) [ L =NHC
CAT1
0.0

L
~18.8 Njcop), + L

TS1-1

207 275

BuOK 2C0D

Ni(O)L
_go)_; TS2-1

-398  TS3-1
-44.1

INT1-1 INT2-1
-27.0 -29.8

'BuOH " KClI comz-l

-496 INTS-I
TS5-1

TS4-1 584

-61.7

R2
INT4-1

....... -55.6
N R3'

i com1- 60.0 i

-64.0 Ni(0)L;
N -68.8 ]

-80 o -79.2
INT7-I INT8-I
4 832 -83.0 ‘BUOB(Pin)- KF
I-—Pl'e—catalysis—+—0xidarive addirion—»F—Ring-opening—-lt— Reductive —-I
complexation elimination

Figure 7. Computed free energy profiles (AG in kcal-mol~1) for the whole reaction process.

2.2. Selectivities
2.2.1. Chemoselectivities

Based on Fu and Cao’s reports, the Hirshfeld charges and dual descriptors Af can
accurately predict the active sites of electrophilic and nucleophilic reagents [18,19]. Hence,
the Hirshfeld charges [27] and dual descriptors Af [24] (based on Hirshfeld charges) of
various substrates were measured for evaluating their nucleophilic/electrophilic reaction
activities, as well as for exploring the chemoselectivities of this reaction. Regardless,
olefin R3 can interact with the ‘BuOK additive easily to form R3’ (Figure 1) and R3’ may
transform into R3” further (Figure 4); R3’ and R3”” were also taken into consideration
(Table 1). For molecules with multiple reaction sites, the most nucleophilic/electrophilic
sites are evaluated for their reaction activities.

Table 1. Hirshfeld charge and dual descriptor (Af, based on Hirshfeld charge) of key atoms in different
substrates, with the nucleophilic sites in red and the electrophilic sites in green.

Compounds Hirshfeld Charge Af

EX c1 —0.07888 —0.05522
R1 \e c2 —0.05603 —0.04918

Me

Reaction Sites
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Table 1. Cont.
Compounds Reaction Sites Hirshfeld Charge Af
Fes c3 —0.02576 0.04212
R2 o C4 —0.06044 0.05396
R3 %o Cs —0.10885 —0.18748
S Cé —0.02911 —0.13880
, s C7 —0.12664 —0.09557
R3 8P cs —0.02076 ~0.01886
o C9 —0.25696 ~0.20117
R3" e C10 —0.08526 ~0.03908
0710711 c11 —0.24887 ~0.19177

As shown in Table 1, the dual descriptors (Af) of the C1 and C2 sites in substrate R1 are
both negative, with that of the C1 site being lower. Contrarily, the Af of the C3 and C4 sites
in substrate R2 are both positive, with that of the C4 site being higher. This illustrates that
R1 is a nucleophile while R2 is an electrophile. Similar to substrate R1, the dual descriptors
of all sites in R3, R3’ and R3” are negative, with that of the C5, C7 and C9 sites being lower
in each of them and indicating that R3, R3’ and R3” are also nucleophiles. Furthermore,
the dual descriptors (Af) of C5, C7 and C9 in R3, R3’ and R3” are smaller than C1 in R1,
which suggests that R1 is the weakest nucleophilic reagent (Lewis base). With the exception
of R2, the nucleophilic/electrophilic reactivity predictions based on Hirshfeld charges are
basically consistent with that delivered from the dual descriptors (Table 1). According to
the calculated dual descriptors, the reaction between substrate R2 and R1 is most favorable,
as R2 is a weak Lewis acid while R1 is a weak Lewis base. Further natural population
analysis (NPA) results show that there are —0.05189 and 0.03468 charges populated on the
C1 and C2 atoms in substrate R1, respectively (Table S1), while the NPA charges distributed
on the C3 and C4 atoms in substrate R2 are —0.13534 and —0.31486, respectively. Thus,
when R1 reacts with R2, the C2 atom in R1 is more likely to interact with the C4 atom in R2,
leading to the experimentally detected main product P1.

The energetics for different substrates complexing with the nickel catalyst were further
evaluated at the IDSCRF("Hex)-PBE0-D3(BJ)/6-311+G(d,p)-SDD(Ni)/ /IDSCRF ("Hex)-
PBEO-D3(BJ)/6-31+G(d)-SDD (Ni) level, with the most stable conformations presented
in Table 2 (see Figure S3 for other conformations arising from varying orientations of
functional groups). The relative stabilities of different complexes are consistent with
the predictions derived from the dual descriptors (Af) as a whole: substrate R2 is an
electrophilic reagent, while other substrates are nucleophilic reagents. Therefore, the
complexes involving substrate R2 are relatively more stable than others, with the one
formed between substrate R2, R1 and the nickel catalyst being most stable (Entry 1 in
Table 2). Clearly, the dual descriptors (Af, Table 1) provide substantially accurate predictions
for relative free energies of each complex, although it considers only the electronic structure
of the substrates [18] while ignoring steric hindrance effects and other factors such as
interactions in the forming complex, evidencing that electronic effects are the principal
controlling factor for the reaction selectivities observed.

Trends in the free energy barrier can also validate the above predicted chemoselectivities
quite well. As shown in Figure 3, the energy barrier for the oxidative addition of complex
COM2-1 formed by the complexation of substrate R2 with R1 and the nickel catalyst is 9.8
kecal-mol~! (TS2-I), which is lower than that of the complex formed by the complexation
of substrate R2 with R3/R3’ and the nickel catalyst (19.9/27.7 kcal-mol 1, Figure S3), also
lower than that of the complex formed by the complexation of substrate R1 with R3 and the
nickel catalyst (20.6 kcal-mol!). For the complex formed by the complexation of substrate R1
with R3’ and the nickel catalyst (Entry 5 in Table 2), multiple attempts failed in locating any
corresponding transition states, perhaps due to the fact that both R1 and R3’ are nucleophiles
and it is electronically difficult for them to react with each other. In short, the complex COM2-1
formed between substrate R2, R1 and the nickel catalyst is the most prone one in the oxidative
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addition step; this is consistent with previous predictions based on the dual descriptors
(Af, Table 1) and with the experimentally detected chemoselectivities.

Table 2. Energetics (in kcal-mol™!) for the complexation of different substrates with the nickel
catalyst (L = NHC).

Entry Substrate A Substrate B Compounds AG (kcal-mol—1)
Ty Ph
Fac N
1 R2 R1 P / —496
Ph" e
L
Fol N
2 R2 R3 8 St N -223
Ph
BPin
Ph T,
\ NI
3 R1 R3 % ~18.6
Me\—BPin
L :
,{“0 B\Pm
4 R2 R3 FSC%/__ N O-Bu —47.7
Ph 7K
L
Ph\ ne BRI
5 R1 R3’ \\/\ Y O-'Bu —443
Me K
0
Fse. N
6 R2 R3/ St /Bu ~363
Ph -K-0,
N\ BPin
L
Me N
7 R1 R3” ‘/ /Bu —26.4
N Lo
Ph \\ BPin

2.2.2. Regioselectivities

As mentioned in Section 2.1.2, the oxidative addition step (COM2-1 — TS2-I, Figure 3)
has a regioselectivity-determining role in this reaction. When the asymmetric alkyne (R1)
complexes with the nickel center in complex COM1-I in different orientations, another
complex COM2-VI may be formed (Figure 8), which is of comparable stability to COM2-I.
Nevertheless, the oxidative addition of COM2-VI requires overcoming a total free energy
barrier of 28.8 kcal-mol~! (COM1-1 — COM2-VI — TS2-VI), which is 4.6 kcal-mol~!
higher than that of TS2-I on Path I (24.2 kcal-mol}), justifying the dominant formation of
product P1 along Path I. The regioselectivity predictions based on energetic results are in
complete agreement with corresponding experimental results (79% of P1 detected at an
experimental temperature of 50 °C, while only 2% of the regioisomer P3 could be detected),
and they are also consistent with the predictions based on dual descriptors (the C1 site in
R1 is more susceptible to the attack of the electrophilic nickel center).
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Figure 8. Computed free energy profiles (AG in kcal-mol =) for Path VI, with that of Path I noted
(in black) for comparison.

2.3. Recycling and Regeneration of Catalyst

Experiments [14,20] showed that the participation of the third component R3 and
the 'BuOK additive significantly reduced the catalyst dosage (from 1.0 equiv to 5 mol%)
compared to its two-component alternative. Towards resolving the bases of this reduction
in catalyst loading, as well as the recycling and regeneration mechanism of the catalyst,
we conducted computations on the corresponding two-component reaction (Path VII in
Figure 9) at the same level to ensure comparability. In absence of the third component R3
and the ‘BuOK additive, intermediate INT4-I will undergo C-C coupling (through TS4-VII)
along path VII to generate the five-membered ring intermediate INT5-VII, by surmounting
a free energy barrier of 27.4 kcal-mol ~!. Subsequently, intermediate INT5-VII accomplishes
B-F elimination through transition state TS5-VII and converts into intermediate INT6-VII,
which may remove a Ni(II)F,L fragment to generate the final product P5. However, in light
of the fact that the energy barrier of TS4-VII (27.4 kcal-mol ) is 2.6 kcal-mol ! higher than
that of the local maximum TS5-I on Path I (24.8 kcal-mol 1), this two-component reaction
should be more difficult with respect to the three-component one, albeit it can also still
proceed under the corresponding experimental conditions [20].

AG (kealsmol™") 77T T FT M Raih
) = ! '
L =NHC LEC (E} Ph Phﬁph ; ® Path VIl

L

LN, [
F—Ni'—F

83.0
‘BuOB(Pin) * KF

Figure 9. Computed free energy profiles (AG in kcal-mol~!) for Path VII, with that of Path I noted
(in black) for comparison.
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Distortion/interaction analyses results on transition states TS5-I and TS4-VII are
shown in Table 3. The distortion energies of each fragment as well as the total distortion
energies of TS5-I (AE ;) are all higher than that of TS4-VIL. Meanwhile, the interaction
energies (AEjn) of TS5-I are significantly lower than that of TS4-VII. This means that
transition state TS5-I displays more pronounced distortions yet stronger interactions
compared to TS4-VII, and the dual effects make it more stable than TS4-VII. The IRI
analyses results of transition states TS5-I and TS4-VII (Figure 10) reveal pronounced
van der Waals interactions (in red box) between the third component R3 and the ‘BuOK
fragment with other parts of TS5-1, rationalizing TS5-I's raised stability relative to TS4-VIL.
Both the results of energy decomposition and IRI analyses represent well the corresponding
experimental result that the three-component reaction involving the ‘BuOK additive is
easier than its two-component alternative without a base additive.

Table 3. Distortion/interaction analysis results (single-point corrections [E(sp)] in kcal-mol 1) for
TS5-1 and TS4-VII (L = NHC), with AE4;¢; and AE;; indicating distortion and interaction energies,
respectively; AAE = AE g;t + AEjnt.

AE gjst

Fragment 1 Fragment 2 Fragment 3

TSs L o'Bu AEine  AAE
FsC "“jo Ph—=—Me K| Total AE gt
o _~_BPin

TS5-1 87.5 2.1 40.4 130.0 —138.0 8.0
TS4-VII 35.7 -5.7 0.0 30.0 —10.1 19.9

Ph_  Me L= NHC] ROL

|

(@) L, >’:<—_§Ph i (b) Fa. ‘\}Nﬁ
i : Ph— S
R e A
K |

/) H Me
BPin—OBu  Ts5.| 5 TS4-VII

Figure 10. Interaction region indicator (IRI) analyses for TS5-I (a) and TS4-VII (b).

It can also be seen in Figure 9 that the final product P5 in the two-component reaction
without the ‘BuOK additive (Path VII) could be generated accompanied by the removal
of the Ni(Il)F,L fragment; however, it is near impossible for Ni(II)F;L to be converted
into the active species Ni(0)L, which can catalyze the reaction in the cycle (Figure S4).
As a result, the two-component reaction developed by Ichitsuka requires 1.0 equiv of
Ni(COD); to ensure that the reaction proceeds [20]. In contrast, the final product P1 in the
three-component reaction involving the ‘BuOK additive (Path I) is formed accompanied
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by the removal of the active Ni(0)L, species, and Ni(0)L, can participate in subsequent
catalytic cycles directly until the end of the reaction. Hence, the three-component reaction
developed by Li only requires a catalytic amount of Ni(COD); catalyst (5 mol%), generating
a 79% yield of P1 under mild conditions [14]. These results are of significance to raise
understanding of the catalytic cycle and recycling mechanism of catalysts in transition
metal-catalyzed multi-component reactions.

3. Computational Methods

Extensive literature on benchmark calculations for density functional theory (DFT)
methods show that the PBEO method combined with D3(B]) dispersion correction, and
the 6-31+G(d) and 6-311+G(d,p) basis sets, perform well and are sufficient for the cor-
rect description of geometries and energies in reaction systems involving transition met-
als, sufficient to reproduce related experimental trends with reasonable accuracy [28-31].
Thus, all computations in this work were performed using the Gaussian 16 software pack-
age [32] by employing the PBEO method [33] and D3(BJ) [34] dispersion correction. All
geometry optimizations and vibrational frequency analyses were conducted by using
the 6-31+G(d) [35-37] (for C, H, O, N, F, B, and K) and SDD basis sets [38] (for Ni), with
corresponding single-point corrections performed employing the 6-311+G(d,p) [35,39-41]
(C, H, O,N, F B, and K) and SDD basis sets (for Ni). All stationary points were confirmed
as stable points or first-order saddle points (for TSs) on their respective potential energy
hypersurfaces. Intrinsic reaction coordinate (IRC) [42,43] analyses were performed on key
transition states to ensure their correct connections to correspondent reactants and products.
The effect of the "Hex solvent was taken into account in all computations by using the
IDSCRF atomic radii [44], denoted as IDSCRF("Hex). All free energies reported have been
corrected to experimental temperature (323.15 K) by using the THERMO program [45], to
include the translational entropy contributions in solution (Stus(p)); the latter is in contrast
to the default use of the gas-phase one (Stmns(g)). Interaction region indicator (IRI) analy-
ses, Hirshfeld charge and dual descriptor (based on Hirshfeld charge) calculations were
performed by using the Multiwfn program [46]. Natural population analyses (NPA) were
conducted on selected stationary points using the NBO 5.0 program [47].

4. Conclusions

Density functional theory (DFT) at the IDSCRF("Hex)-PBE0-D3(BJ)/6-311+G(d,p)-
SDD(Ni)/ /IDSCREF("Hex)-PBE0-D3(BJ)/6-31+G(d)-SDD(Ni) level was employed to ex-
plore the reaction mechanism and selectivities of the nickel-catalyzed three-component
asymmetrical bis-allylation of alkynes with alkenes. The following conclusions can be
drawn based on present explorations: (1) The reaction proceeds via pre-catalysis, oxidative
addition (OA), B-F elimination, ring opening complexation and reduction elimination (RE)
in sequence, among which OA and RE are both essential in controlling the reaction rates,
with free energy barriers being 24.2 and 24.8 kcal-mol !, respectively. (2) The oxidative
addition step (COM2-I — TS2-I) acts as the selectivity-controlling step, with the chemo-
and regioselectivity predictions based on the dual descriptors (Af, based on Hirshfeld
charge) and energy barrier calculations being in good accordance with product selectivities
observed in experiments. This evidences the dual descriptor and energy barrier calcula-
tions as excellent low-cost tools for predicting the selectivities of MCRs and even more
complicated reactions. (3) The active Ni(0)L, (L = NHC) species in the three-component
reaction involving the ‘BuOK additive can be regenerated accompanied by the formation of
the final skipped trienes (P1), allowing for a catalytic amount of Ni(COD), catalyst (5 mol%)
to generate a 79% yield of P1 under mild conditions. Further energy decomposition and
IRI analyses reveal that the van der Waals interactions between the third component (R3)
and 'BuOK fragment with other parts in the key stationary point (TS5-I) are essential in sta-
bilizing it and thus facilitate the reaction under mild conditions. A reasonable explanation
for the improvement in catalyst dosage (from 1.0 equiv to 5 mol%) further makes this work
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valuable to raise understanding of the catalytic cycle and recycling mechanism of catalysts
in transition metal-catalyzed multi-component reactions.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /molecules29071475/s1, Figure S1: Computed free energy
profiles for the generation of COM2-I, Figure S2: Computed free energy profiles for Path II,
Figure S3: Computed free energies for the complexation of different substrates with the nickel
catalyst, Figure S4: Energetics for the transformation of Ni(I)F,L to Ni(0)L,, Table S1: NPA charges
on key atoms in reactants R1 and R2, Table S2: Calculated energy results; Optimized Cartesian
coordinates for all stationary points (PDF and XYZ).
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