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Computational chemistry has become important in organic synthesis as it provides a detailed understanding
of molecular structures and properties and detailed reaction mechanisms. Besides mechanistic verifications,
computational techniques can be used as complementary tools to predict reagents that make reactions
happen based on calculated reaction profiles. Moreover, new catalyst design processes can be accelerated

Received 7th April 2021,
Accepted 6th June 2021

DOI: 10.1039/d1qo00531f

by incorporating these theoretical techniques into the searching protocols. Currently, advanced computer
technology enables the fast development of highly accurate computational applications in complex mole-
cular systems at a lower cost. In this review, we highlighted examples of recent applications that demon-
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Introduction

In the chemical industry, the major interest is the search for
highly selective chemical reactions that yield specific valuable
products. Therefore, the detailed understanding of selectivity
control has been a major task in catalyst development.
Computational chemistry is considered as a complementary
tool for the understanding of the structures and properties of
compounds and for reaction mechanism validations that
provide important proof of reaction features. Currently, close
collaborations between computational and experimental che-
mists are growing, which result in improved quality of research,
especially the reliable mechanistic studies of chemical reactions
with accurate molecular geometry."® The geometry and elec-
tronic structure of each stationary point from the reactant to the
product along the potential energy surface (PES) can be ana-
lyzed, especially the transition state (TS) which has a very short
life and cannot be captured in the laboratory. Therefore, various
reaction pathways should be determined that enable the com-
parison of reaction features e.g. energy profiles, reaction inter-
mediates, selectivity, etc. In the case of mechanistic studies,
many possible reaction pathways should be covered to achieve a
detailed explanation of the reaction profiles. Even compu-
tational study alone offers excellent insight into the reaction fea-
tures with experimental finding helping in the derivation of
computational data.””® With the fast development of computer
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strate the advantages, limitations, and solutions of these techniques, especially in multiscale approaches.

technology, computational simulations of reaction mechanisms
have become a useful tool to explain and provide theoretical
descriptions and predictions. Mechanistic understanding and
prediction aid to improve the specific synthesis and also the
rational design of new catalysts.'*™"*

Reaction regio- and stereoselectivity

When an unequal mixture of stereoisomer products is obtained
from a chemical reaction, one product is preferred as a result of
several factors e.g. steric effects, electronic effects, reaction con-
ditions, etc. In general, the stereoselectivity depends on the
difference in the activation energy or reaction energy of each
reaction pathway. Thus, a detailed study of the reaction mecha-
nism is necessary for selectivity investigations and modifi-
cations. Based on the transition state theory (TST), activation
barrier, and PES, the kinetic and thermodynamic control can be
practically identified.">"” It could be influenced by the tempera-
ture, reagents, catalyst, and/or solvent used. It is worth noting
that enantioselectivity is a result of kinetic control due to each
enantiomeric product being isoenergetic (Fig. 1b). However, the
real reaction might undergo several pathways, which are com-
petitive. Hence, a complicated reaction model is required to
describe the stereoselectivity. Nevertheless, the theoretical calcu-
lation of the defined stereo-determining and other important
steps could deliver particular mechanistic details.

Thermodynamic control

When a single reactant can be converted into two stereoi-
somers, A and B, the simplest model is a single step process
(Fig. 1). In the case wherein the products A and B are converti-
ble, the product ratio ([A]/[B]) depends on their relative
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Fig. 1 Single-step reaction energy profiles of (a) thermodynamic
control and (b) kinetic control, where R is the reactant, TS is the tran-
sition state and A and B are products A and B, respectively.

stabilities.’®!® The stereoselectivity can be expressed using the
equilibrium equation which is related to the standard-state
Gibbs free energy of reaction at certain temperatures:

% = K = exp A0/RT (1)
where AG° can be calculated using theoretical approaches, accu-
rate thermodynamic data can be provided (within 1-2 kcal
mol ™" error). Therefore, the relative stability of the two products
can be calculated from the difference in the calculated Gibbs
free energies at the appropriate temperature where the thermo-
dynamic calculation for each product conformer is needed.

In a real situation, more than one conformer exists for each
diastereomeric product (Fig. 2). Hence, the ratio of the population
of products as a function of their free energies can be written as:

1Al _
(B]
1+ exp(AGAﬁAGAz)/RT + exp(AGAﬁAGAs)/RT +...

exp(AGM—AGm)/RT +exp(AGBZ—AGAZ)/RT +exp(AGB3—AGA3)/RT+ o
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Fig. 2 Different product stabilities of each conformation of diastereo-
meric product A and B (adapted with permission from ref. 5).
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As shown in (2), a fundamental error from computational
prediction could occur if only the most stable conformers are
taken into account. Hence, several transition state structures
should be determined.

Kinetic control

When two competitive pathways lead to different products
and one product cannot be converted to the other, in
theory, it is assumed that the chemical reaction will follow
the minimum energy path (MEP) on the PES. According to
the thermodynamics equations, the rate of reaction is
related to the Boltzmann distribution equation and acti-
vation energy of the reaction. Therefore, the selectivity of
the reaction is related to the relative rate of each product
formation.>®

k= kBTTexp’AGi/RT (3)
[A] k) —anct /RT
— =—— = exp 4
[B] kg )

where kg is the Boltzmann constant, % is Plank’s constant, and
AG* is the activation free energy. As shown in the equations,
the kinetic control focuses on the behavior at the transition
state. Therefore, it is unable to explain some cases like bifur-
cation points where a single transition state could produce two
different products.>!

As mentioned above, the selectivity of the product has an
exponential relationship to both free energy and tempera-
ture. It was found that the different energy of transition
states or products of 1 kcal mol™" could yield a product
ratio at 90:10 at 273 K.° The stereoselectivity is written in
terms of enantiomeric excess percentage (%ee) or diastereo-
meric ratio (dr). In the first case, it indicates the percentage
of one enantiomeric product over the other, which is
expressed as:

%ee*[] Hx100 (5)
[A] + [B]

where [A] and [B] are mole fractions of each enantiomeric
product. In the theoretical point calculations, the %ee is
related to the difference of Gibbs free energy of the diastereo-
meric transition state of each pathway. Multiple pathways have
to be considered. The percentage of existence for the transition
states of each diastereomeric formation is expressed as:

_ Z exp—AAGI /RT (6)

Together with (5) the %ee can be expressed as:
S P(A) - S E(B)

e = ZP( AT TSP

X 100 (7)

where P(A;) and P(B;) are percentages of existence for the ith
transition state of the R and S forms, respectively.**
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Computational methodologies
Density functional theory (DFT)

Quantum mechanics calculations are extremely useful to inves-
tigate at the atomic level. The major advantage of QM calcu-
lation is that the bond situations can be calculated. Among
them, DFT is the most widely used across many disciplines e.g.
physics, chemistry, biology, etc.>»*??*¢ This method offers
acceptable accuracy of electronic properties, energies, and
structures with an excellent cost-to-performance ratio. It turns
out that micro- and macroscopic properties can be predicted.
However, the primary issue of DFT is that its approximate var-
iants in the mathematical equation are still problematic in
certain situations. Therefore, the development of new and
more accurate functions is actively sought after in compu-
tational chemistry research.

Reaction mechanisms and reaction pathways can be
studied using QM calculations. The common task of compu-
tational simulations is geometry optimization that provides
the structure at or near the local minimum of the PES.
Moreover, the very short-lived transition state which cannot be
isolated through experiment can be optimized at the saddle
point on the PES. Information such as molecular interactions
and activation energy offers comprehensive insight into the
reaction profiles and enables the improvement of the reaction
selectivities. Nevertheless, the cost of QM calculations
increases rapidly with molecular size. Therefore, pure QM cal-
culation is generally applied to a small molecular system (<200
atoms).

Hybrid methods

To date, computational simulation is known to be an inte-
grated tool to understand the microscopic properties of chemi-
cal systems and also solve real world problems. The very fast
computational development offers an impressive performance
in terms of speed and accuracy of QM calculations. Therefore,
reliable geometries, energies, reactivity, and electronic pro-
perties of complex molecules have become affordable.
However, the pure QM calculation of macromolecules e.g.
enzymes still requires high computational resources. Many
attempts have been made to facilitate the calculations and this
led to the introduction of hybrid methods.””° A large mole-
cule is divided into multiple fragments, which can be com-
puted using different levels of theory. In 2013, the Nobel Prize
in chemistry was awarded to Karplus, Levitt, and Warshel for
the “Development of Multiscale Models for Complex Chemical
Systems”.*'3*

So far, this hybrid method has been applied to combine
the expensive QM and inexpensive classical molecular mech-
anics (MM) method. Therefore, it is called the QM/MM
method. In this approach, the entire system is divided into
two regions: QM and MM regions (Fig. 3). The QM region is
the part that involves chemical reactions, whereas the MM
region is the remaining environment. In general, there are
two ways to evaluate the total energy; additive and subtrac-
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QM/MM :
: ONIOM(QM1:0M2:QM3)

Fig. 3 Model partition of additive and subtractive schemes.

tive schemes.?®?>™*° The simple mathematical expressions
are:
Additive scheme:

Eqm/mm = Eqm + Emm + Equ-mm (8)
Subtractive scheme:

EQM/MM = EQM‘model + EMM,real - EMM,model (9)

For the additive scheme, the total energy is the sum of the
energy of the QM region (Equm), the energy of the MM region
(Emm), and the interaction energy between the QM and MM
regions (Equm-mv). On the other hand, in the subtractive
scheme, the system is defined as layers. The total energy is cal-
culated as the QM energy of the model system (Eqm,moder) Plus
the MM energy of the real system (Enmm rear) minus the MM
energy of the model system (Enm,moder)- This method is also
called ONIOM (our own N-layer integrated molecular orbital
and molecular mechanics). The advantages of ONIOM are as
follows: (i) it is easy to adapt to combine different QM
methods, called ONIOM (QM1:QM2) and (ii) it can be
extended to multiple layers (>2 layers) calculations. The energy
expression of ONIOM (QM1 : QM2) is written as:

Eoniom(QMl:QMZ) = EQMl,model + EQMZ,real - EQMZ,model (10)

where QM1 is high-level QM and QM2 is low-level QM.

The first developed extended 3-layer ONIOM was demon-
strated by Svensson et al. The system is divided into 3 layers
which are defined as “model”, “intermediate”, and “real” and
are calculated by “high”, “medium”, and “low” levels of theory,
respectively.”" The 3-layer ONIOM can be applied as ONIOM
(QM1: QM2 :QM3) or ONIOM (QM1: QM2 : MM). The general
expression of energy calculation is:

Eoniom(high:medium:low) = Ehigh‘model + Emedium intermediate
- Emedium,model + Elow,real (11)

- Elow,intermediate

It is noted that the ONIOM approach is implemented in the
Gaussian package up to a 3-layer model.

In order to calculate the interaction between QM and MM
regions, there are two computational schemes: mechanical
embedding (ME) and electronic embedding (EE)
schemes.*®*™** ME is the simplest scheme that treats the
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QM-MM interaction in a classical way. The electrostatic inter-
actions are calculated using classical determination where the
fixed point charges for both QM and MM regions are applied.
The polarization of the QM wave function by the MM region
point charges is not included in the QM calculations.
Therefore, the ME requires the least computational resources.
The electrostatic interaction between the QM and MM regions
is improved by including the polarization of the QM wave func-
tion by the MM environment, via the EE scheme. Compared to
the ME scheme, the computational demand is dramatically
increased. It is suggested that the total energy of the system is
sensitive to the polarization of the wave function. Thus, the
energy refinement using ONIOM-EE single point calculation is
recommended for optimized ONIOM-ME  structures, for
medium to large QM region sizes.

Besides macromolecular applications, the ONIOM extends
its benefits to the area of physical organic chemistry in which
accurate properties can be achieved for extended systems (>100
atoms) where QM1:QM2 or QM:MM approaches can be
applied. Parts of the molecule that are involved in bond break-
ing/forming will be calculated using the higher QM method,
while the rest is estimated by lower QM methods or classical
MM. In this review, we highlighted recent applications of
various computational techniques to understand the selectivity
of organic synthesis and future application for catalyst and
molecular design.

Case studies
Reaction selectivity studies using DFT calculations

Selective PtCl,-catalyzed intramolecular [3 + 2] cycloaddi-
tions. Kopsane alkaloids are a group of natural products that
have a unique heptacyclic structure that are derived from the
Kosia plant.>™"
synthesis of this molecular structure. It was found that the

Jia and coworkers recently reported the total
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intramolecular [3 + 2] cycloaddition is a crucial step that pro-
vided a stereopure product in mild conditions.’® Moreover,
ligand-free PtCl, was used as a catalyst in dichloroethane
solvent. The authors employed computational simulations to
model the reaction focusing on the cyclization step. Two enan-
tiomeric formations at the C3 atom, together with two diaster-
eomeric formations at the C6 atom were studied. Therefore,
four reaction pathways were investigated (Fig. 4). The B3LYP
functional was used for geometry optimization and frequency
calculations with the combination of the standard 6-31G(d,p)
basis sets for non-metal atoms and SDD effective core poten-
tials basis set for Pt atoms. The solvent effects were taken into
account by single-point energy calculations of optimized geo-
metries using a self-consistent reaction field (SCRF) based on
a polarized continuum model (PCM) at the same level of
theory. The most feasible pathway is when the stereochemistry
at the C3 and C7 atoms are both R-isomers. Several important
conclusions were drawn; (1) the first ring formation is barrier-
less for both the P(R,R) and P(R,S) pathways, whereas the acti-
vation energy is relatively high (>18 kecal mol™) for the P(S,S)
and P(S,R) pathways as a result of high structural constraint
that provided an unfavorable ¢trans-conformation between C4-
N5 and C3-C7 bonds (Fig. 4b). (2) The second ring formation
step is distinct between the two diastereomeric products. The
TS2s of P(R,R) and P(R,S) were 10.92 kcal mol™' apart in
energy, in agreement with the experimental selectivity of a sole
product. (3) There are two crucial factors that lowered the acti-
vation energy of the second ring formation of the P(R,R)
pathway; (i) the higher overlapping of HOMO-1 and LUMO of
Int1 and (ii) the conformational constraint of Int1 at C7 atom,
in which the olefin side chain points away from the orientation
necessary for bond formation in the P(R,S) pathway. (4)
According to the overall energy profiles (Fig. 4a), the forward
reaction of the P(R,R) pathway is the most feasible. The possi-
bility of the reverse reaction is indicated by relatively low gaps
for Int2 to TS2 and Int1 to TS1. However, they are much slower
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Fig. 4 (a) Full energy diagrams (in kcal mol™), as determined at the B3LYP(SCRF)/6-31G(d,p)/SDD//B3LYP/6-31G(d,p)/SDD level. The pathways that
lead to different enantiomeric products of C2 and C6 are called P(R,R), P(R,S), P(S.S), and P(S,R). (b) A schematic of species involved in each pathway

(adapted with permission from ref. 48).
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than the forward reaction of the P(R,R) pathway from reactant
(RC) to Int1.

Cu() catalysed [2,3]-sigmatropic rearrangements of diazoe-
sters with allylic iodides/sulfides. Bond reorganization through
sigmatropic rearrangement is one of the most important
organic reactions which results in a bond shifting from one o-
bond to another.*>*° In 2021, the [2,3]-sigmatropic rearrange-
ments of diazoesters with allylic iodides/sulphides via chiral
bisoxazoline-Cu(i) catalysts were studied using DFT calcu-
lations to clarify the mechanism of the Cu(r) catalyst on
whether the reaction proceeds via metal-bound or free ylide
mechanisms (Fig. 5).>' There were four possible pathways
derived from experiment. The most favorable pathway, the
origin of the regio- and stereoselectivity, as well as the reaction
features, were identified to compare between two different sub-
strates. The M06-L/(SDD (for Cu and I atoms) and 6-31G(d)(for
other atoms)) levels of theory were employed for geometry
optimization and frequency calculations. The energy refine-
ments were carried out using M06-L/(SDD (for Cu and I atoms)
6-311+G(d,p)(for other atoms)) with a solvation model based
on density (SMD). The energy decomposition analysis (EDA)
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into distortion energy (Eqis;) and interaction energy (Eiy.) of the
key transition states were determined to understand the essen-
tial interactions that control the selectivity of the reaction. The
MO6-L functional was chosen because it offers a good expla-
nation of the non-covalent interactions e.g. hydrogen bonding
and long-range interactions. They found that the free iodo-
nium ylide is likely to present as a zwitterion (as C™-I') that
requires the Cu(i) center to stabilize the transformation
through [2,3]-sigmatropic rearrangement. It requires an energy
of only 7.5 kcal mol™" at the level of theory used. The by-
product from the [1,2]-rearrangement was also investigated.
The activation energy of the minor pathway is 1.1 kcal mol™
higher than the [2,3]-rearrangement. The EDA indicated that
the Ej,. plays a crucial role in regioselectivity, which is consist-
ent with the difference in the electrophilicity of the C1 and C3
atoms. The same approach was applied to the sulfonium ylide
system. However, the obtained activation energies were rela-
tively high which could not justify the experimental reactivity
(>30 kcal mol™"). An alternative tautomerization followed by
ligand exchange to yield the free sulfonium ylide was pro-
posed. This pathway is more acceptable due to reasonable
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Fig. 5 The derived catalytic cycle for the [2,3]-sigmatropic rearrangement of iodonium ylide and sulfonium ylide, their HOMOs, and the resonance
structure of free ylide molecules. Relative free energies in kcal mol™ are shown in parentheses (adapted with permission from ref. 51).
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energy profiles. The electronic structure indicated that the
double C=S bond is more promising in the free sulfonium
ylide system rather than the zwitterion. Therefore, a free
ylide mechanism that dictates a free sulfonium ylide leaving
the Cu(1) catalyst via ligand exchange is a promising option
for sulfonium [2,3]-sigmatropic rearrangement. According to
the computational results, the regioselectivity is controlled
by the electronic properties of the system and the stereo-
selectivity is mainly controlled by the substrate-ligand steric
interactions.

Catalytic asymmetric homologation of ketones with o-alkyl
o-diazo ester using Sc(m) complex. The one-carbon addition
into the alicyclic or cyclic ketone that is triggered by the
nucleophilic addition of diazoalkyl carbon to the carbonyl
group followed by a 1,2-shift and N, extrusion.’*”>* This chain
and ring extension is usually used in natural product syn-
thesis. In this reaction, the well-defined Lewis acid has been
used as an asymmetric catalyst for homologation. However,
the selectivity and reactivity of the reaction needs to be
improved. The low reactivity of acyclic aryl alkyl ketones could
be altered using a strong Lewis acid catalyst. Meanwhile, the
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Add', 0.8
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chemo- and regioselectivity are difficult to control due to the
system flexibilities. In addition, the chiral catalyst would assist
in stereocontrol. Tan et al. reported that scandium(ur)-N-N'-
dioxide Lewis acid catalysed the homologation reaction which
provided high yield, regio- and enantioselectivity under mild
conditions.>® The authors employed the DFT calculations to
explain the origin of regio- and enantioselectivity of the Sc(u)-
catalyst. The theoretical discussion was based on the M06-L/
def2-TZVP//B3LYP-D3/(6-31G(d,p), SDD (for Sc)) level of theory
with dichloromethane as implicit solvent using the conductor-
like PCM (CPCM) model. It was found that the two binding
modes of acetophenone-Sc(ur) complexes were nearly degener-
ate (AG = 0.8 kcal mol™"). The new C-C bond was formed as a
consequence of the two-step mechanism, where the a-diazo
ester attacked at the carbonyl carbon of acetophenone followed
by N, release (Fig. 6). The calculations indicated that the N,
releasing step is the rate-determining step. The computational
results are consistent with the experimental finding where the
electron-withdrawing group reduces the reactivity of reaction
due to the formation of an unstable intermediate. Moreover,
steric repulsion between bulky -CO,Me and N, moieties of the
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Fig. 6 Free energy profiles for asymmetric homologation calculated at M06-L/def2-TZVP//B3LYP-D3/(6-31G(d,p), SDD (for Sc)) level of theory.

Energies are in kcal mol™ (reprinted with permission from ref. 55).
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a-diazo ester with the aryl part on the chiral N,N-dioxide
ligand is smaller in the most favorable pathway.

Selective o-formylation of phenol and its derivatives via the
Duff reaction. The Duff reaction is the o-formylation reaction
of phenol and its derivatives with hexamethylenetetramine
(HMTA) in acidic media.>®">° It has been widely used due to its
inexpensive reagents, moisture tolerance, and compatibility
with a wide variety of functional groups. Despite the robust-
ness of the reaction conditions, a detailed mechanism is still
elusive. In 2016, Grimblat and coworkers reported the first
theoretical study of the selectivity of the Duff reaction.®® It was
proposed that the new C-C bond formation proceeded
through the reaction between phenols and iminium HMTA"
(protonated HMTA) that provided a p-aminoketone type
Mannich base as an intermediate. This intermediate for-
mation is the key regioselective step of reaction followed by
hydrolysis to form the final product. The remarkable point of
this reaction is that there are two possible regioisomeric pro-
ducts, which could be acquired starting from non-symmetrical
phenol derivatives. Initial TS conformational searches were
performed using Hyperchem software with the MM+ method.
The subsequent geometry optimization and frequency calcu-
lations were carried out at the M06-2X/6-311+G(d,p) level of
theory with acetic acid as a solvent using the SMD model. The
intrinsic reaction coordinate (IRC) calculations were per-
formed for the obtained TSs. 3-Methylphenol (m-cresol) was
used as a simplest representative substrate. The TSs that led to
different R2, R4, and R6 substituted products were examined.
A closer structural inspection found that the hydrogen
migration between the phenolic -OH and protonated N of tet-
ramine lowers the TS energy significantly compared to the
non-migration TSs, which revealed the importance of
H-bonding in transition state stabilization (Fig. 7). Moreover, it
is also important in the reactive conjugated cyclohexadienone
intermediate formation. The calculated model showed that the
total charge of HMTA" remained unchanged. The C-C dis-
tances of TSs were in the range of 1.91-2.24 A. The calculated
selectivity of TSs was 97:0:3 (R2/R4/R6). Considering the
most stable R2/R6 substituted products, the calculated selecti-
vity of the product was 26:74 (R2/R6) which was in excellent
agreement with experimental findings (21 : 79). A further seven
phenol derivatives were also investigated to understand the
steric hindrance and electronic effect of the substituents
(Table 1). The calculations suggested that the C-C bond for-
mation of the Duff reaction is an endothermic reaction with

o) H A
R
e
N—IN
R NN R

Fig. 7 The proposed initial step for the Duff reaction (adapted with per-
mission from ref. 60).

This journal is © the Partner Organisations 2021

View Article Online

Review

Table 1 Calculated activation, formation energies, and product ratios
of the Duff reaction (adapted with permission from ref. 60)

Calc. Calc. Exp.
AG* ratio AG® ratio ratio

Phenol Isomer (kcal mol™") (R2/R6) (kcal mol™) (R2/R6) (R2/R6)

1 R2 21.17 97:3 8.97 26:74 21:79
R6 23.91 8.33

2 R2 17.73 95:5 6.03 100:0 100:0
R6 20.03 13.90

3 R2 24.36 0:100 11.08 0:100 0:100
R6 20.22 1.50

4 R2 17.61 95:5 4.99 100:0 100:0
R6 19.93 11.68

5 R2 20.84 96:4 10.09 98:2 89:11
R6 23.29 12.60

6 R2 22.31 94:6 12.38 99:1 100:0
R6 24.42 15.05

7 R2 19.88 73:27 9.50 5:95 0:100
R6 20.63 7.71

8 R2 22.64 83:17 11.57 0:100 0:100
R6 23. 87 7.87

1

boss
o @ @

energies between 1.50 and 15.05 kcal mol™'. The product ratio
prediction using their relative product stabilities agreed well
with the reported regioselectivities®’®* and indicated that
regioselectivity is under thermodynamic control. Additional
studies implied that the R2 substitution was preferred for elec-
tron-withdrawing group substituted phenol, meanwhile the R6
substitution occurs when R is an electron-donating group.
However, the electronic effect is not the only conclusive feature
that controls the selectivity of the reaction.

Bronsted base activated borylation of propynols.
Organoboranes are organic compounds that consist of the B-C
bond. They are key intermediates in many chemical reactions
that pharmaceutical, bioactive, and material
synthesis. Among them, vinyl boron compounds are used
for multi-substituted alkenes synthesis in which transition
metals have been exploited as catalysts. Steric effects and func-
tional groups govern the stereo- and regioselectivity of organo-
borane products. However, the disadvantages of the transition
metals catalysts are high cost, multistep operations, inaccess-
ible starting materials, environmental toxicity, and narrow sub-
strate specificity. To overcome these issues, organocatalysts e.g.
Lewis bases have been proposed to activate diboron reagents
through the acid-base adduct of one boryl group where the
nucleophilic borane is generated. In 2018, Kuang and co-
workers reported the alternative application of Brensted-bases
to activate diboron reagents with methanol as a co-reagent.®®
The nucleophilic boron is enhanced by the formation of meth-
oxydebrate [H-base]'[MeO-B2pin2]~, which is generated by

involve
65-67
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deprotonation of methanol using a Brgnsted base. Chen and
co-workers elucidated the full reaction mechanism of the
Bronsted base mediated borylation of propynols using DFT cal-
culations.®® The geometry optimizations and frequency calcu-
lations of all stationary points along the reaction pathways
were carried out using the B3LYP functional with a standard 6-
31+G(d) basis set. The solvent effects were taken into account
using the M11 functional with a 6-311+G(d,p) basis set and a
SMD solvation model of the diethyl ether solvent. This reaction
consists of two key steps: borylation and reductive dihydroxyla-
tion. The overall free energy profile and key structures are
shown in Fig. 8. The intermediate 14 was a result of the boryla-
tion step through the boryl vinyl anion formation via a five
membered ring transition state (5-ts). The direct borylation
into C=C was excluded due to the high barrier. The intermedi-
ate 14 was observed experimentally. The calculation revealed

View Article Online
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that the transformation of intermediate 14 to product (Pro)
proceeded through reductive dihydroxylation via multiple
methoxy exchange between vinyl boron and the methoxyborate
reagent. They suggested that the concerted B-methoxy elimin-
ation of borane (18-ts) is the rate-determining step for the
entire reaction.

Diazo functionalization catalyzed by Ag(1) or Sc(m) com-
plexes. Diazo compounds are important organic precursors for
various chemical syntheses. They are chemically stable due to
their resonance structures. In general, the transition metal cat-
alysts are used to activate diazo compounds to form tertiary or
quaternary carbons. The metal-carbene complex is considered
as a key intermediate in diazo activation, which can undergo
migratory insertion to yield a C-C bond. Ag(1) is one of the
more widely used catalysts in diazo transformation.
Uncoordinated nucleophilic attacks are usually proposed for
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Fig. 8 The most favorable pathway of the Bronsted base mediated borylation of propyrols. The relative free energies (AG) are calculated at the M11/
6-311+G(d)//B3LYP/6-31G(d) in diethyl ether solvent. The values are in kcal mol™* (revised with permission from ref. 69).
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Ag(1)-catalyzed diazo functionalization as transmetalation is
impractical due to the small coordination number of Ag(i),
which is 2.7%7" Unlike the Ag(1) complex, the Sc(m) complex,
which has a d° configuration could not generate the Fisher-
type metal-carbene complex due to the lack of n-backbonding
character. Instead, the Sc(m) complex acts as a Lewis acid that
stabilizes the carbene species during the reaction process.”>
So, the Sc(m) catalyst might proceed via a similar mechanism
to an alkaline-earth metal salt where the free carbene is the
key intermediate. In 2020, Liu and co-workers reported the
computational study of the Ag(1) and Sc(m) catalyzed diazo
alkylation reactions.”® As shown in Fig. 9, they proposed two
different chemoselectivities: (i) metal-carbene formation/
transformation and (ii) the Lewis acid assisted free carbene
intermediate generation reaction. Both pathways were applied
for both metal catalysts. All geometry optimizations and fre-
quency calculations were performed using the B3LYP-D3 func-
tional with the standard 6-31+G(d) basis set and LANLOS-f for
the Ag and Sc atoms. The energy refinements were achieved by
the M06 functional with the 6-311+G(d) basis set and LANLO0S-
f basis set for the Ag and Sc atoms in solution phase using the
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(6]
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Fig. 9 (a) The silver()- or scandium(i)-catalyzed diazo alkylation reac-
tion and (b) the mechanism for silver()- and scandium(i)-catalyzed
diazo alkylation. They are shown with blue and green lines, respectively.
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SMD model. The diazo activation to form a zwitterion metal-
enolate intermediate (IV) proceeded through either Fisher-
carbene formation (II) or a free carbene intermediate (VII). The
obtained intermediate IV could transform to either dialkyla-
tion (P1) or monoalkylation (P2) products. The Ag(i)-catalyzed
reaction preferred the blue pathway (Fig. 9b), where the metal-
carbene II is formed during the transformation. The Ag(1)-
intermediate IV acted as a nucleophile rather than a Brensted
base. The subsequent annulation and retro-aldol mechanism
produced the dialkylation product P1. This is consistent with
the experimental finding of Bi and co-workers where P1 is the
only product when AgOTf was a catalyst.”* By contrast, the
green pathway (Fig. 9b) is more favourable for the Sc(m)-cata-
lyzed reaction. The Sc(ur) complex served as a Lewis acid that
stabilizes the free-carbene (VII). The Sc(u)-zwitterion enolate
intermediate IV likely undergoes 1,4 proton-transfer which
yields the monoalkylation (P2) product. The key explanation is
that the lack of electron density in Sc(ui) is unfavorable for the
n-backbonding metal-carbene complex. However, the Ag(1)-
carbene complex showed electrophilic character, which makes
the metal-carbene formation achievable.

Reaction selectivity studies using hybrid methods

Nickel-catalyzed asymmetric catalysis. In recent decades,
metal-catalyzed hydrogenations of N-containing molecules
have arisen in large-scale productions, especially in the
pharmaceutical industry.”>””” To date, noble metal-containing
catalysts e.g. Rh, Ir, and Ru have been used in this field.
However, these metals are expensive and highly toxic to
humans and the environment. Therefore, cheap and effective
catalyst replacements have been explored. Xu and coworkers
reported that a cheap Ni-binapine catalyst could catalyze the
asymmetric transfer hydrogenation of enamide.”® It was found
that Ni-(S)-binapine produced a high yield with 97%ee. To
explain the selectivity of the Ni-catalyst, the ONIOM
(QM1:QM2) approach was applied. The model reaction
focused on the hydride insertion step between [(S)-binapine-
hydrido nickel(u)]- and s-transoid hydrazine. According to
their calculations, the hydrazine chelated to the metal center
via the amide group in the early stage of the reaction (Fig. 8).
The energy difference between the two diastereomeric tran-
sition states was 2.9 kcal mol™', which is in good agreement
with experimental results where the stereoselectivity was 97%
ee. Remarkably, the phenyl ring of the benzamide of hydrazine
was not involved in stereoinduction due to no significant
contact with the Ni-binapine catalyst. Moreover, the replace-
ment of the phenyl ring by the hydrogen atom did not change
the energy splitting between the two diastereomeric TSs. The
geometry observation of the Ni-binapine catalyst found that
the shallow concave site is suitable for the s-transoid hydra-
zine. The top-left and bottom-right quadrants were shielded by
the tert-butyl groups of the binapine ligand. This situation
leads to a shape complementary of the catalyst-substrate
complex which is often found in enzymatic catalysis (Fig. 10).

Yang et al. reported the high stereoselectivity of the Ni-cata-
lyzed reductive amination of ketone with both arylamine and
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Fig. 10 Two diastereomeric transition states of Ni-binapine hydrido
complex and structural observation.

benzhydrazide.”® It was found that the combination of Ni with
several bisphosphines showed excellent selectivity. To under-
stand the selectivity of the Ni-catalyst, the Ni-(R)-Ph-BPE cata-
lyst was used as a representative. The hydride insertion into
the N-phenylketimine is a key step for the formation of the
chiral center. The two-layer ONIOM (QM1 : QM2) method was
used to investigate that reaction. The geometry optimization
and frequency calculations were obtained using the ONIOM
(B3LYP/(SDD for Ni, 6-31+G* for H, C, N, O, 6-311+G* for P):
MO6L/(LANL2DZ for Ni, 6-31G for other atoms). The energy
refinements were done using single point calculations of
ONIOM (B3LYP/def2-TZVP:M06-L/(SDD for Ni, 6-31+G* for H,
C, N, O, 6-311+G* for P)). The effect of i-PrOH (¢ = 18.23) was
included using the SCRF model. The partition of QM1 : QM2 is
shown in Fig. 11c. They found that the two diastereomeric
transition states are 2.1 kcal mol™" apart in energy, which was
consistent with the experimental %ee. The structural analysis
provided an insight into the major factors that helped in
stereoselectivity. As shown in Fig. 9a and b, the phenyl rings of
the chiral phospholane ligand located at the top-right and
bottom-left quadrants restricted the binding pocket around
the Ni-center. The E-ketimine substrate fits perfectly in the
binding pocket, while the other substrate was distorted and
destabilized the minor product formation due to steric hin-
drance, which forced the N-phenyl ring to rotate (Fig. 11b).

Ni(OTf), 5 mol%

)oj\ j’\ (S)-Binapine 6 mol% HN” NHBz
HN-N"Ph — = !
Ph™ Me H HCOOH / EtsN (5:2) Ph” " Me

(2x) i-PrOH, 3AMS

70°C, 48 h

94%, 97% ee

Fig. 11 Transition-state structures (a) TS-S and (b) TS-R for hydride
insertion of cationic [(R)-Ph-BPE](hydrido)nickel() into a =n-bound
N-phenylketimine and (c) QM1 : QM2 partition (adapted with permission
from ref. 79).
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Therefore, the large N-aryl rings in aniline tend to improve the
stereoselectivity of the reaction as shown in the experimental
results.

Y/Yb heterobimetallic catalysed asymmetric ring-opening of
donor-acceptor cyclopropanes with primary arylamines. The
chiral phosphoric acids and their derivatives have been used
in modern organocatalysis as their structure and electronic
properties are easy to modify. The major advantages of organo-
catalysts are that they are of low toxicity, environmentally
friendly, low-cost, and active under mild conditions compared
to organometallic catalysts. In 2021, Luo and coworkers intro-
duced a new type of chiral bimetallic catalyst. It consisted of
metals coordinated with chiral phosphoric ligands, offering
new perspectives in asymmetric catalysis.®” In general, metal
ions are often used as a Lewis acid agent. The addition of an
organic chiral ligand reduces the acidity of the metal Lewis
acid significantly. However, the combination of phosphoric
acids (or their derivatives) with metals enhanced the acidity
and flexibility of the chiral Brgnsted acid catalysts.®’"®* This bi-
metallic catalyst was applied to the asymmetric ring-opening
reactions of donor-acceptor cyclopropanes with arylamines. In
general, the cyclopropane ring-opening reaction requires
extreme conditions that could make it difficult to control the
stereoselectivity of the product. Hence, the bimetallic catalyst
could yield a better stereoselectivity control under mild con-
ditions. The new reaction mechanism where the bimetallic
catalyst possibly triggers a dual functional activity which
enhances the activity as well as the selectivity of the reaction.
The authors found that the Y(u1)/Yb(ur) bimetallic catalyst pro-
duced high yield and selectivity under controlled conditions.®°
To understand the selectivity and reactivity of this catalyst, the
two-layer ONIOM (B3LYP/(6-31G(d) (for non-metals), SDD (for
metals)):UFF) was exploited for geometry optimization and
single point calculations with m-xylene as implicit solvent
using the SMD model. The initial geometry is based on the
X-ray crystallographic data. The proposed oxidation states of
both metals are Y(ur) and Yb(u), respectively. The multiple sub-
strate binding conformations were investigated. The most
stable conformation is the ®-substrate-Yb(ur) complex where it
was 3-6 kcal mol™" lower than other conformations ((S)-sub-
strate-Yb(ur), (R)-substrate-Y(m), and (S)-substrate-Y(m) com-
plexes) (Fig. 12). The reaction is likely to proceed via the
Snx2 mechanism followed by proton transfer through the tran-
sition state that leads to the (S)-intermediate and (S)-product
(TSYDbS). It was 2.0 kcal mol™" lower than the transition state
that leads to the (R)-product (TSYbR). The optimized transition
state geometry observation indicated that the TSYbS is more
favorable due to the lower geometric distortion. The calculated
%ee was 95% which is close to the experimental value of 90%.
In addition, the Sy2 reaction was identified as the rate- and
enantio-determining step.

Reaction selectivity studies using multi-level calculations

Chiral Pt(u) phosphinite complex catalyzed asymmetric ally-
lation. The development of the chiral asymmetric transition
metal catalyst for allylation is a challenging task, especially for
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Fig. 12 Proposed transition states of Y/Yb bimetallic catalysed asym-
metric ring-opening of donor—acceptor cyclopropanes with primary
arylamines (reprinted with permission from ref. 80).

the enantioselective C-C and C-X (X =
Transition metals with chiral bisphosphine complexes are
widely used as catalysts to deliver products with high selecti-
vity. Computational calculation offers a better insight into the
evaluation of enantioselective reaction pathways.®”%® In
general, QM methods have been used because of their signifi-
cant accuracy in thermodynamic calculation which is necess-
ary for reliable %ee prediction. However, the major limitation
of the QM method is that the computational cost increased
dramatically with the system size. Currently, the ONIOM
method allows the combination of high- and low-accuracy
methods which can handle a larger number of atoms in the
system and offer accurate thermodynamic data. To study the
accurate stereo control, the description of diastereomeric tran-
sition states that leads to different diastereomeric products is
an important step. The energy difference calculated between
each TS indicates the competition between each product for-
mation. Moreover, the origin of the energy difference can be
determined in term of Eg;s and Ej,, energy using (12)

heteroatom).®®

AE = Egist + Eint (12)

where the Ej, is the interaction between fragments and Eg;
is the energy required to distort the fragments into TS
geometry.

A combination of MM, QM/MM, and DFT calculations were
used to investigate the asymmetric allylation of aldehydes with
chiral Pt(n) phosphinite (Fig. 13).*® The initial TS geometry
was screened using the MM method with an energy cutoff of
20 kcal mol™", resulting in 142 conformers remaining out of
the original 192 conformers. All of them were subjected to
QM/MM calculations, which yielded 50 initial guess structures
for TS optimization using the QM/MM method. Finally, there
were only 11 structures that were selected from the QM/MM
optimized geometries for pure QM calculations. The analysis
of the final 11 structures showed that the lowest energy tran-
sition state leads to the R-product and contributes the most to
the product formation percentage. Based on the Boltzmann
distribution calculation, the sum of the overall contribution of
the R-product was 73%, which is in excellent agreement with
the experimental result of 73%ee. In addition, the relative
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Fig. 13 (a) Catalytic assumption and calculations workflow, (b) the opti-
mized geometry of the R transition state, and (c) optimized geometry of
the S-transition state. All distances are in pm (reprinted with permission
from ref. 88).

energy of the transition state structure that exceeded 4 kcal
mol~" compared to the lowest structure did not contribute to
the competitiveness of product formation.

Computational organocatalyst design for asymmetric
Friedel-Crafts alkylation of indole. In organic chemistry, the
enantiomeric pure synthesis is one of the most active research
fields that aims to obtain target molecules with fewer or no by-
products. Moreover, mild conditions and an environmentally
friendly catalyst is an area of interest. In this field, organocata-
lysis is a recent strategy that offers optically active compounds
via metal-free reactions under mild conditions.?* > However,
organocatalysts are often substrate specific and require the
modification of the steric and electronic properties of the cata-
lyst accordingly to improve the selectivity. So far, catalyst
optimization is typically achieved through experimental trial
and error, which usually requires extensive time and resources.
Therefore, the incorporation of QM calculations would
improve the efficiency of catalyst optimization through the
quantitative structure-activity relationship (QSAR) model.
Computational studies of stereocontrolling transition states
and their reactant complexes offer a new rational catalyst
design. The theoretical design is finally validated by experi-
mental observations.

Gerosa and co-workers utilized a computational screening
method called ONIOM-derived in silico screening (Fig. 14) in
organocatalysis for the Friedel-Crafts reaction between (E)-cin-
namaldehyde and an indole electrophile.”® The functionali-
zation of indole consists of electrophilic attack at the nucleo-
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philic atom, which involved facial selection. The ONIOM
(QM1:QM2) approach was applied to reduce the compu-
tational demand of the screening method. The screening work-
flow is shown in Fig. 14a. Initially, 16 different TS structures
were generated. The partition between the high and low layers
is shown in Fig. 14b. Full optimization and frequency calcu-
lations were performed by ONIOM(B3LYP/6-31G*:AM1). The
optimized geometries were subjected to energy refinements
using the B3LYP/6-311+G** level with the PCM model using
methanol as an implicit solvent to obtain accurate energy pro-
files. They found that the average difference in energy between
the (E) and (Z) configuration formations was 1.1 kcal mol™
with (E) preferred. It is consistent with the experimental find-
ings. The EDA to determine AEiminium, AEindole; and AEj,, was
also performed. The first two terms were calculated according
to the difference between the two diastereomeric TS geome-
tries, while the last term is the interaction energy between the
two fragments (catalyst and substrate). The EDA indicated that
the iminium and indole are more stable in Re-face formation,
which exhibited less distortion in the Re-face attack. The com-
putational prediction demonstrated that the steric interactions
of the substituent (R) and CH-r interactions play a crucial role
in selectivity (Fig. 14b), with the highest enantiomeric ratio
reported to be 92 : 8 (Fig. 14c). Thus, this strategy could signifi-
cantly accelerate and improve the efficiency of rational catalyst
design.

Pd-Catalyzed regioselective ring opening borylation of 2-aryl-
aziridines. Aziridine is a three-membered azaheterocycle,
which is a versatile building block in organic synthesis,
especially as a precursor for the ring opening reaction of
N-containing natural products.”® Transition metal complexes
have been used as reactive catalysts for C-N bond cleavage in
an Sy2 fashion to form azametallabutanes.”*® The regio-

5176 | Org. Chem. Front.,, 2021, 8, 5165-5181

selective ring opening C-B cross-coupling reaction of 2-aryl-
aziridines via a Pd(P(t-Bu),Me/bpy) catalyst was shown to give
f-amino-alkylboronates. This reaction is useful in natural
product synthesis and amino-functionalization. The C-N bond
cleavage of the 3-position proceeded through the formal Sy2
type borylative C(sp*)-N bond cleavage of a neutral compound.
External bases are not required in this reaction. However, the
experimental results showed that the reaction could not func-
tion without water. The experimental mechanistic study was
performed using the deuterated aziridine as a substrate. It was
found that the stereochemistry of the 3-position is completely
inverted which proved the Sy2 reaction manner that was also
supported by computational calculations. The Pd(P(¢t-Bu),Me),
and Pd(P(-Bu),Me),(H,0) were used as catalysts and 2-phenyl-
N-tosyl-aziridine as the substrate for this model reaction. The
B3LYP-D3/(SDD (for Pd), 6-31G(d) (for other atoms)) in an
implicit solvent model of toluene (¢ = 2.3714) was exploited for
optimization and frequency calculations. The IRC calculations
were performed at the same level of theory to confirm the con-
nectivity between the TS and its local minima. The final ener-
gies of each stationary point were calculated as a single point
calculation at B3LYP-D3/(SDD (for Pd), cc-pVTZ (for other
atoms)). The initial TS screening was sampled using the multi-
component artificial force induced reaction (MC-AFIR) method
where the energy and their derivatives were obtained using the
ONIOM (B3LYP-D3:PM6-D3) method. The SDD (for Pd) and 3-
21G(d) (for other atoms) basis sets were used for the screening.
The detailed EDA of selected TSs into deformation energy
(AEq4er) and AE;, was evaluated. The system is divided into two
fragments; the substrate and catalyst. The difference in energy
between the low-lying TSs leading to desired and undesired
product is 3.5 kcal mol™'. The major contribution of this
difference came from the AE;, between them indicating that

This journal is © the Partner Organisations 2021
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the interaction between substrate and catalyst is more stable in
desired product formation due to lower steric repulsion. The
calculated regioselectivity of the aziridine ring-opening step is
89:11, which was qualitatively in agreement with the experi-
mental result of 99:1. Then, proton transfer to an anionic
amine was observed. According to the calculations, water mole-
cules could act as a proton source and an internal base in the
form of Pd-OH, elevating the four-membered transmetallation
between B,(pin), and Pd. The supported calculations showed
that three water molecules are sufficient to form the hydrogen-
bonding network for the proton transfer, which yielded the Pd-
OH species. The B(pin)-B(pin) could not coordinate into the
inner sphere of the metal center due to steric repulsion between
the bulky alkyl group of the ligand and B(pin)-B(pin). However,
one of the ligands can be replaced by B(pin) followed by B-B
bond cleavage with a barrier of 10.8 kcal mol™". Ligand
exchange between B(pin)-OH and P(t-Bu),Me ligand occurred.
Finally, the reductive elimination process required only 0.1 kcal
mol™'. The calculations also revealed that the product dis-
sociation to recover catalyst is facile. The proposed overall cata-
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Fig. 15 (a) Reaction features and (b) the derived catalytic cycle of bory-
lation (reprinted with permission from ref. 94).
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Iytic cycle of borylation is shown in Fig. 15. Their experimental
and theoretical results provided valuable insight into a new
catalyst design involving the ring-opening C-E bond forming
cross coupling of aziridine.

Outlook and perspective

As shown in this review, the close collaboration between
theoretical and experimental chemists has played a crucial role
in mechanistic studies. The computational approaches provide
quantitative predictions, verification, and proof of reaction
selectivity, reaction mechanism, and properties. However, the
accuracy of the calculations depends on many factors like reac-
tion models and the choice of method and functional that
offers the highest efficiency to implement in routine work. The
information acquired may help in understanding and design-
ing new catalysts for specific reactions.
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