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Abstract

The 2,3-disubstituted benzofurans with potential for pharmaceutical applications are effectively synthesized by Ni
complexes via intramolecular C-O bond activation. The reaction pathway for the full catalytic cycle has been
investigated by using density functional theory (DFT) calculations. The rate-determining step is the reductive
elimination of the product. A key result is that coordination to alkynyl group of another substrate co-occurs with
elimination, which not only improve thermodynamic stability of the product, but also determines the reaction
pathway of the catalytic cycle. The reductive elimination assisted by the solvent molecules or free-ligand results in
an endergonic reaction. This result is related to the enhancement of reductive elimination of C-C coupling products
by the addition of olefin or alkyne, and can be recognized as a self-cocatalytic effect of the substrate. The result

adds another view point in the design of catalytic reaction systems with effective catalytic cycles.
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1. Introduction

The 2,3-disubstituted benzofuran skeletons present in numerous bioactive natural products and have a
large potential for application to pharmaceuticals.’® In 2019, we reported that Ni complexes effectively
catalyze the synthesis of 2,3-disubstituted benzofurans via selective intramolecular C(vinyl)-O bond
activation (Scheme 1).* This Ni complexes show high catalytic activity for a wide range of substituents at
the 2- and 3-positions of benzofurans (e.g., silyl substituents).

Furthermore, as shown in Scheme 1, we also proposed a thermodynamically favorable reaction pathway
based on the relative stabilities of the intermediates by using density functional theory (DFT) calculations.*
The results showed that oxidative cyclization with alkynyl and vinyl groups (Path-A) was preferred over
oxidative addition to the C(vinyl)-O bond (Path-B) because the corresponding intermediate, Int A in Path-
A, was more stable than Int B in Path-B. However, transition states and activation energies were not
discussed, and the rate-determining step was not identified in the previous report.* Therefore, the
kinetically favorable pathway and full catalytic cycle remain unclear. Although several theoretical studies
on C-0 bond activation mechanisms by Ni complexes (e.g., C(phenyl)—O bond activation)>!* have been
reported, theoretical studies on Ni-catalyzed C(vinyl)-O bond activation mechanisms are rather limited*
to the best of our knowledge. In the present study, we thus investigated the full catalytic cycle in the

synthesis of Ni-catalyzed 2,3-disubstituted benzofurans by using DFT calculations.

Scheme 1. Suggested reaction scheme for the synthesis of Ni-catalyzed 2,3-disubstituted benzofurans.*
The ligand of the Ni complex (1,10-phenanthroline) is denoted as L in the structures of the intermediates.

A comparison with our previous study is provided in S1 (Supporting Information, Sl)

" Me rer
€ o

Y 7 NiL \fo

Q Oxidative cyclization © S:O Me
\ e y b o C(vinyl)-0 bond o o N
o with vinyl an Me activation ) Me
\ alkynyl groups Reductive o

o  Me IntA elimination

. Me
AN Oxidative addition to / C—C bond _Ni-L

(\' 'NE S[\\l- '/> C(vinyl)-0 bond formation o \' =N S' '/
b Q _I IntC

0]
Reactant Path-B v Product
- 4‘( -+

Catalyst Catalyst

We particularly focused on the reductive elimination step from the final intermediate (i.e., Int C in
Scheme 1). In a pioneering study by Komiya and Yamamoto,*® Ni(ll) catalysed C-O coupling reactions were

accelerated by the addition of m—acid. Regarding C-C coupling, a comprehensive review was reported by



Rovis et al. about the effects of exogenous olefin and alkyne additives.'® Yamamoto et al. reported that the
reductive elimination and C-C coupling were promoted by olefin addition.!” Tatsumi et al. proposed
pentavalent Ni(ll) intermediate.!® The same intermediate was suggested for the C-O coupling case.'® In
recent years, electron deficient Fro-DO ligand was developed by Doyle et al. and applied to accelerate C-C
cross coupling reactions.’® A mechanistic study?®° showed that the Fro-DO binding to Ni(ll) complex is
thermodynamically stable, which is expected to continuously exert the trans effect which strongly
promotes reductive elimination. According to Holland, alkyne binds more strongly to the metal center than
olefin.?!

Given these interesting results, it is worthwhile to investigate the role of the substrates with alkyne and
olefine moieties in the reductive elimination step. In many of the DFT mechanistic investigations,*?
however, the product is simply eliminated from the catalyst. Thus, it would be natural to imagine that the
catalyst in the elimination step is stabilized by the interaction with the next substrate, solvent molecules,
even liberated ligand. In particular, if the product elimination is promoted by another substrate in a
concerted manner, the elimination step directly connects to the next catalytic cycle. This would be
recognized as a self-cocatalyst effect of the substrate. With this conjecture, we investigated such substrate-
assisted reductive elimination mechanism. Additionally, the possibilities of the elimination mechanism

assisted by the solvent molecules and uncoordinated ligand were also investigated for comparison.

2. Computational details

Electronic structure calculations were performed by Gaussian 1622, and B3LYP functional®® 2* with
Grimme’s D3 dispersion correction?®> was adopted for the approximated exchange-correlation functional
of DFT. The Stuttgart/Dresden basis set with effective core potentials?® was adopted for Ni, and the 6-
31+G(d) basis set?’?° was adopted for the other elements. The solvation effect of N,N-dimethylformamide
(DMF) was incorporated by using the polarizable continuum model (PCM).3° Geometry optimization for the
equilibrium and transition states was performed by using GRRM 17.3! The C=C and Ni-C bond lengths of
Ni(cod), were well represented by this calculation setting (deviation from the experimental value®? is
-0.005 A for C=C bond and +0.025 A for Ni-C bond). All reactants, products, and transition state structures
were connected by intrinsic reaction coordinate (IRC) calculations. The Ni complex with the 1,10-
phenanthroline (phen) ligand and intermediate states were calculated in the triplet state, and the other
compounds (e.g., Ni(cod),, the reactant molecule, and so on) were calculated in the singlet state (see more
details in S7 in Sl). For Ni(phen),, which is assignable to Ni(0) triplet, the electronic structure is discussed in
terms of orbital interactions between the Ni center and the phen ligands (S8 in Sl).

Gibbs energy (G) was evaluated with a following equation.

G = Eele + Etra + Eyip — T(Stra_cor + Svib)



Where, E¢je, Evip, and Sy are electronic energy, vibrational energy, and vibrational entropy of a molecule
in the PCM. E}., is translational energy under the ideal gas approximation as adopted in the Gaussian
program. Sira cor IS translational entropy in solution corrected by using the Whitesides scheme where the
“free volume” of the molecule in solution was incorporated by taking account of volume and concentration
of solvent molecules.?® Although the Gaussian program adopts rotational energy of an ideal gas, the
structure of the present system is very complex in solution, and the rotational motion should be suppressed
by the interaction of the surrounding solvent molecules. Because of this reason, the rotational component

in energy and entropy was neglected. In this study, the Gibbs free energy was calculated at T = 393.15 K
that is the experimental temperature for the reaction.* Activation free energy (AG‘;) and reaction free

energy (AG,) are defined as AG‘I = Gts — Ggr and AG,. = Gp — Gp, respectively, where Gy, Gp, and Gtg are

Gibbs free energies of reactant, product, and transition states, respectively.

3. Results and discussion
3.1 Path-A via oxidative cyclization

The free energy profile of Path-A is illustrated in Figure 1, and the optimized structures of important
intermediate and transition states along Path-A are shown in Figure 2. All the optimized structures are
given in Figure S8 in SI.

To determine an appropriate reference structure for the relative energy, we investigated the relative
stability of the Ni complexes before entering two catalytic pathways. As shown in Figure S10, Ni(phen). is
the most stable Ni complex and has been set to the reference point with relative free energy of 0.0 kcal/mol.
When one of the phen ligands is substituted by a substrate (methyl (E)-3-(2-(prop-1-yn-1-
yl)phenoxy)acrylate), the precursor complex IA2 for Path-A is formed. As seen in Figure 2a, the substrate
in 1A2 is coordinated at the alkynyl group. The Ni-C(vinyl) distance was 3.05 A, indicating the vinyl
coordination to Ni is driven by van der Waals attractive interaction. After a minor energy barrier of 2.3
kcal/mol (TSA2), the vinyl group moves into #?-coordinataion mode (IA3) where the Ni-C(vinyl) distances
were 2.20 A and 2.19 A as shown in Figure 2b. This intermediate is a precursor to the cyclization with the
vinyl and alkynyl groups. A five-membered metallacycle intermediate (IA5, Figure 2d) was formed via TSA3
with energy barrier of AG‘::A3 = 11.0 kcal/mol (Figure 2c) from IA3. The activation energy from Ni(phen).
was 16.9 kcal/mol. This IA5 state corresponds to state B (see Scheme S1 in our previous report*) with
terpyridine ligand and is by 23.4 kcal/mol more stable than the reference Ni(phen); state. As described in
the later part of this manuscript, the relative energy of IB4 state, which corresponds to state A (see Scheme
S1 in our previous report*) is —15.1 kcal/mol. This result is consistent to our previous study, in which state

B is by 8.5 kcal/mol more stable than state A.



Subsequently, C(vinyl)=O bond cleavage occurred (TSA4), and activation energy from IA5 state was
calculated to be 13.9 kcal/mol. The TSA4 state relaxes to IA7 state by rotating C;-C, bond (see Figure 2e).

The six-membered metalacyclic intermediate (IA11) was formed via O—Ni bond formation (TSA5, Figure 2f:
AG‘:AS = 9.7 kcal/mol from IA7 state, 19.5 kcal/mol from IA5 state) and C,—Ni bond cleavage (TSA6, Figure

2g: AGE,c = 8.2 kcal/mol from 1A10 state).

In the last step, reductive elimination of the product (methyl (E)-3-(2-methylbenzofuran-3-yl)acrylate)

occurs, and this step was calculated to be the rate-determining step of Path-A (AG‘j}:A7 = 27.9 kcal/mol from
1A12). In this step, coordination to the alkynyl group of another substrate takes place (1A12, Figure 2h) prior
to the reductive elimination (TSA7, Figure 2i). In the 1A12 state, the new substrate coordinates to the Ni
center at the alkynyl group with the Ni-C distance of 3.5 A. This complexation would be led not only by the
alkynyl coordination but also other interaction such as n—mt stacking and dispersion forces. In the transition
state, the Ni-C distance becomes shorter with promoting the elimination of the product in a concerted
manner. The Ni-O distance in the TSA7 state is by 0.15 A longer than that in the 1A12 state as seen in
Figures 2h and 2i. In the product state (IA13), the coordination of the substrate completed, and the
reductive elimination also completed in a concerted manner. The reaction free energy of this step was
calculated to be —5.2 kcal/mol. After the product leaves the catalyst-substrate complex, this IA13 state
becomes equivalent to the 1A2 state. This means that the reductive elimination connects with the next
catalytic cycle by returning back to the IA2 state as an exergonic reaction.

On the other hand, the activation energy for the reductive elimination without another substrate was
calculated to be 28.8 kcal/mol, and this process is an endergonic reaction (AG, = +7.1 kcal/mol: see Table
1 and S2 in Sl). In the experimental reactor, substrate molecules are in the surroundings. Thus, this
substrate-assisted reductive elimination, which makes direct connection to the next catalytic cycle, are
more plausible than a stepwise mechanism via the elimination followed by the coordination of the next

substrate.



Path-A | coordination to -

30
20

—_
[= -]

-10

Relative free energy
(kcal/mal)

i = i = = o= S i =
AG,, =23 AG,,;=11.0 AG;,, =13.9 AG,s =97 SA_GHA() -hB.2d AG;,, =279
Coordination to C-C bond C(vinyl)-O bond O-Ni bond Ix-membere Reductive
alkynyl group vinyl group formation cleavage formation m;tl‘:’"l_::tciﬁle elimination
[ TSA3
i ias 183 Ee o
L IA2 T;:‘ ':2 2‘;’,’ 91 a1 F
i/'__a:::‘__._,__ - TSAS5 Ni(II), 1rip|elJ
I Tona as -39 TSA6 A Me
0.0 Me Me -95 I L/ g TSA7
L Ni(phen), [i22=1ni) A - ~ oM e
Ni(0), triplet __/ S .
- e g J A6 |'
N7 \— L«
L \ o -234 -23.3
1A2 7 C =0 Me N ] 1A11
| tiplet  ©  Me Me-o N L ‘ -35.0", I1A12
1A3, 4 '\’ T INQ Y ,I,‘ Vj[Ni] 13 A /L Me R 1A13
. ! \_{ Ny W i Y
L triplet NN ] N N -
o 0" o = e Tho—NI Me -48.8
[Ni] = Ni(phen) o o é_o Me
T=393.15K Me IAT7, 8 1A9, 10 ¥ o
IA5, 6 triplet triplet 7 ‘r’o
Ni(II), triplet E/\/L e P
o i N
1A12 '/ ~70 A
Ni(I1), triplet ,f?—w(‘ 1A13 Faks !
1 - —(
\k\/\o\:” triplet \L%’\‘O\ 7
o o
© e S e

Figure 1. Free energy profiles of Path-A. The phenanthroline ligand (phen) of the catalyst is not visualized

for simplicity. The detail of the electronic structure of Ni in key intermediates is discussed in S7 and S8 in

SI.
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Figure 2. Some important intermediate and transition state structures along Path-A. White: hydrogen,
gray: carbon, red: oxygen, green: nickel, and blue: nitrogen. Red arrows indicate bond rotations, formations,

and cleavages. All the optimized structures were shown in Figure S8 in Sl.

Because the intermediate is also surrounded by solvent molecules and uncoordinated ligands in the
reactor, we also investigated the reductive elimination mechanism with the explicit solvent molecules
(solvent-assisted reductive elimination) or uncoordinated ligand (free ligand-assisted reductive
elimination), which might stabilize the elimination process. As shown in Table 1, the activation energies of
the solvent-assisted mechanisms are lower than that without assistance and the substrate-assisted
mechanisms (see also Figure S2 in Sl). However, those pathways were calculated to be endergonic reactions
(AG, = +6.3 and +14.1 kcal/mol with one and two explicit DMF molecules, respectively), indicating that the
reductive elimination with DMF molecules is thermodynamically unfavorable than the substrate-assisted
mechanism. Regarding the free ligand-assisted mechanism, activation energy is only 0.2 kcal/mol lower

than that of the substrate-assisted mechanism (see also Figure S3). The reaction energy was, however,



calculated to be +6.0 kcal/mol, and the elimination with the uncoordinated phenanthroline ligand thus

proceeds as an endergonic reaction.

Table 1. Activation and reaction free energies for the direct, solvent-assisted, and free ligand-assisted

reductive elimination mechanisms.

substrate-assisted solvent-assisted
parameters Ikynyl bonyl wio free ligand-assisted
(T=393.15K) Kyl carbonyl istance  with 1| DMF  with 2 DMF &
coordination coordination
AG,f (kcal/mol) 27.9 28.0 28.8 253 23.6 27.7
AG, (kcal/mol) =52 +9.7 +7.1 +6.3 +14.1 +6.0

The driving force for the exergonicity is in the stability of the alkynyl-Ni #*-coordinataion. Related
phenomena were reported in previous studies, showing that olefin ligands promote reductive

elimination.®2!

3.2 Role of alkynyl group for promoting reductive elimination

Thermodynamic stability of the reductive elimination step was compared in several examples as shown
in Table 1. Among them, only the case of alkynyl coordination was thermodynamically favored. This is
consistent with the previous result that only the Fro-DO ligand has dG < 0 ?° and that alkyne is more strongly
complexed than olefin 21. On the other hand, because of the structural complexity, the alkyne moiety was
not strongly bound to Ni center at the beginning of the complex formation. As shown in Figure 2h, the
optimized Ni-C distance was 3.5 A, indicating physisorption. The alkyne moiety, however, coordinated to
the oxygen atom of product in the trans position, suggesting that the trans effect of alkyne would affect
thermodynamic stability.

The result in Table 1 showed that the assistance with solvent molecules and the free ligand leads
thermodynamically unstable product state, which would move back to the initial state before the
elimination. Additionally, in those mechanisms, further reaction steps and activation energies for the
elimination of DMF or ligand are required to proceed to the next catalytic cycle. Therefore, a stable complex
formation with new substrate is an important factor not only to complete the single catalytic cycle but also
to effectively connect to the early stage of the next catalytic cycle.

It is worth mentioning that the alkyne moiety in the substrate, which promotes the reductive elimination,
is not an additive as in previous examples,'>1” 1° but a part of the substrate. This is a unique characteristic
of the present catalytic reaction system. The additive moiety coordinates to Ni(ll) center when necessary

and does not inhibit other reaction steps as a part of substrate.



3.3 Path-B via oxidative addition to C(vinyl)—O bond

A free energy profile of Path-B is illustrated in Figure 3, and optimized structures of important
equilibrium and transition states are shown in Figure 4. All the optimized structures are also given in Figure
S9 in SI. Ni(phen), undergoes a ligand exchange by a substrate, and IB1 is formed (see Figure S10). The
substrate makes a n2-complex with the Ni catalyst at the vinyl group (see Figure 4a). After a minor structural

change to IB2, the Ni complex undergoes oxidative addition to the C(vinyl)—O bond (TSB2, Figure 4b,

AG;{:B2 = 16.5 kcal/mol). This TS is the highest energy structure in the energy profile, and the apparent
activation barrier from Ni(phen); is 29.1 kcal/mol. Because of the barrier height, the reaction from

Ni(phen). should enter into Path-A. After C—C bond formation between the vinyl and alkynyl groups (TSB3,

Figure d4c, AGY,. = 27.3 kcal/mol), the a,B-unsaturated methyl ester group (-CH=CH-COOMe) is
aB3

transferred to alkynyl group (IB6 , Figure 4d), keeping the n%-coordination to Ni center. A six-membered

metalacyclic intermediate (IB7, Figure 4f) was formed via TSB4 (Figure 4e, AG;‘EB4 = 6.5 kcal/mol). This IB7
is structurally equivalent to the 1A11 intermediate in Path-A. The Ni—-O and Ni—C bond lengths in IB7 are
1.92 A and 1.98 A, respectively, while those in IA11 were 1.90 A and 1.97 A, respectively. A dihedral angle
C-Ni—-N-Cof IB7, an angle between the newly formed 6 membered metallacycle and phenanthroline ligand
(see Figure 4f), is 101.0 degrees, while that of IA11 is 100.1 degrees. This similarity implies that the Path-B
is connected to Path-A at the IB7 intermediate. The reductive elimination step plays as a switching role and

connects IB7 to either IA2 in Path-A or IB1 in Path-B.

AGH,, =165 AG, =273 AGt,, =65
Coordination to Oxidative addition to C—C bond Six-membered Reductive
Path-B vinyl group C(vinyl)-O bond formation metallacycle formation elimination
: TSB2
30 - 29.1
20 L IB1 Me
0 126 TSB3 IB7 0.0
. 10 | e 52 Ni(L), triplet | AG!,, =279
o o +
= ol TsBe L wme  AGH, =280
5~ 0.0 Me \ TSBS
s g -10  Ni(phen), i -~ B4 -15.0 TSA7
o= Ni(0), triplet -10.7 - -15.7
—® -20 r = ve 151 i
o © { o Me
= SN / AG gq
= -30 P ] B8 -
o 1B12 O s
o -40 triplet o W /o .—43.0
Me 7Nl 0
-50 1B34 e
60 L [Ni] = Ni(phen) Ni(II), triplet
T=393.15K pel

[.) \l 5 TN Me N
‘ 5 0N o SN
i [Ni] - Me \ J—q In Me
T 0 o, 7 INl--o_
IB8 T 1B9 T
Ni(Ll), triplet  ye-© triplet me©

Figure 3. Free energy profiles of Path-B. In this figure, the ligand of the catalyst is not visualized for

simplicity. The detail of the electronic structure of Ni in key intermediates is discussed in S7 and S8 in SI.

According to the result of Path-A, the substrate-assisted reductive elimination was also assumed for

Path-B. To restart catalytic cycle via IB1, the next substrate should coordinate to IB7 at the vinyl group in a



n?>-mode, and the reductive elimination happens sequentially. However, this vinyl coordination to 1B7
requires the benzene ring of the substrate to be on the same plane as the vinyl group to minimize the steric
repulsion with the IB7 intermediate. As a result, the new substrate coordinates at the carboxyl O atom in
the ester group as illustrated in IB8, Figure 4g. This complexation would also be led by dispersion forces.
The obtained transition state (TSB5, Figure 4h) is connected to a product state (IB9, Figure 4i) keeping the
interaction with the O atom (Ni-O distance = 3.5 A). This elimination needs to go over one of the highest
energy barriers (AG;{:BS = 28.0 kcal/mol) and also is an endergonic reaction (AG, = +9.7 kcal/mol). As a
result, the pathway back to IB1 of Path-B could be closed at this step. Conversely, IB7 is also connected to
IA12 of Path-A after another substrate coordinates to the alkynyl group. Thus, the plausible reaction
pathway is able to switch into Path-A by the preferable coordination mode of the next substrate. In the
experimental side, NMR and mass spectrometry measurements were conducted to observe intermediates.
We only observed starting material and product by NMR analysis, while mass spectrometry results gave
some information of the reaction intermediates (see S4 in Sl). The calculated results are not conflicted with

the experimental results.
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Figure 4. Equilibrium and transition state structures along Path-B. White: hydrogen, gray: carbon, red:
oxygen, green: nickel, and blue: nitrogen. Red arrows indicate bond formations and cleavages. All the

optimized structures were also shown in Figure S9 in SI.

4. Conclusions

The full catalytic cycle for the Ni-catalyzed synthesis of 2,3-disubstituted benzofuran was investigated by
using DFT calculations. We focused on two pathways as shown in Scheme 1, oxidative cyclization initiated
by the coordination to the alkynyl group (Path-A) and oxidative addition to the C(vinyl)—O bond (Path-B).

Starting with the most stable Ni(phen),, Path-A should be selected because Path-B should go over the



highest activation barrier of 29.1 kcal/mol for oxidative addition of C(vinyl)-O bond. The rate-determining
step of Path-A is the reductive elimination from the final intermediate state with the activation energy of
27.9 kcal/mol. Even if the reaction takes place via Path-B, this elimination step appears in the end of the
pathway. In this step, coordination to the alkynyl group of another substrate co-occurred with reductive
elimination, and the catalytic cycle was smoothly connected to Path-A, even from Path-B. This substrate-
assisted reductive elimination mechanism is kinetically and thermodynamically preferred over the
stepwise mechanism, which involves direct elimination prior to coordination to the next substrate.
Although the reductive elimination would also be assisted by solvent molecules and free ligand, these
eliminations were calculated to be endergonic processes. The result indicates that the relatively stable
coordination of a new substrate should be a key aspect not only to complete the single catalytic cycle but
also to effectively connect to the early stage of the next catalytic cycle.

In previous pioneering studies,*>1” 19 C-C cross coupling reactions by Ni(ll) catalysts have been reported
to be enhanced by the addition of olefins or alkynes. The present study indicates that the reductive C-O
coupling by Ni(ll) catalysts can be similarly promoted by coordinating the substrate at the alkyne moiety.
This is an especially unique characteristic of the present catalytic reaction system in that the substrate also
plays as a self-cocatalyst. The present study would add another viewpoint in the design of an effective

catalytic cycle.
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