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Computational assessments of diastereoselective
[4+2] cycloaddition and 1,3-borotopic shift of

a dearomatized tertiary boronic ester intermediate:
reactivities explained through transition-state
distortion energiest
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Interception of a dearomatized tertiary boronic ester, formed through a kinetically and thermodynamically
favorable 1,2-metalate rearrangement/anti-Sy2’' elimination of an activated ortho-lithiated benzyl amine, in
a [4+2] cycloaddition or 1,3-borotopic shift has been investigated by density functional theory (DFT). Although
superacitvated “naked” Li* was found to greatly promote 1,3-borotopic shift, the diastereoselective [4+2]
cycloaddition was favored. It was revealed that the factor that controls the diastereoselectivity was the steric

R 4 215t May 2019 bulk provided by the diene, which is in agreement with experimental diastereoselectivity. A comparison of
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3,5(4H)-dione (PTAD) was found to be in an excellent agreement with the experiments; where their lack of
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Introduction

The use of boronic esters in asymmetric synthesis is a highly
versatile and robust approach, due to the important stereo-
specific transformations through stereoinvertive or stereo-
retentive pathways into many functionalities that lead to
complex structures." For instance, bortezomib, which is
a treatment for relapsed and refractory multiple myeloma, is an
a-amino boronic acid that possess potent inhibitors of a serine
protease.” Thus, advancing pertinent novel methods to synthe-
size enantiopure alkyl boronic esters with structurally complex
functionalities is exceedingly favorable.®* Accordingly, an
extensive endeavour to access an enantiospecific coupling of
secondary and tertiary boronic esters to aromatics through
transition-metal catalyzed processes has been made, though it
is practically still challenging and not generally applicable.*®
Quite recently, Aggarwal and co-workers reported a consider-
able scope of stereospecific transition metal-free sp®-sp®
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transition state structure which was pronounced with the high energy of LUMO orbitals.

coupling of chiral secondary and tertiary boronic esters with
electron-rich aryl lithium reagents.” Subsequently, they
demonstrated an enantiospecific synthesis of ortho-substituted
benzylic boronic esters via a 1,2-metalate rearrangement/anti-
Sn2’ elimination/1,3-borotropic shift reaction sequence starting
from enantioenriched a-substituted benzylamines (Scheme 1).%*
The essential part of this sequence is that it progresses through
a dearomatized tertiary boronic ester intermediate 3, followed
by 1,3-borotropic shift or participating in allylboration, or allylic

1,2-migration
O and anti-Sy2-
NMe, )J\Ra elimination P
oMe, — —~ )
Bpin Bpin
R 3 R
Diastereoselective C) 1,3-borotropic|d)  allylboration{e) ~ Suzuki-| f)
[4+2] cycloaddition shift Miyaura

%

R! R!
O i ’
Up to 85% vyields, Up to 83% yields,  69% yields, Upto 92% yields,
Up to >20:1 dr Up to >20:1 dr >20:1 dr Up to 95:5 dr

Scheme 1 Rearomatizing transformations of ortho-lithiated benzyl-
amine. (a) R,Bpin, THF, =78 °C to rt; (b) CICO,CMe,CCls, —78 °C tort;
(c) PTAD, THF, =78 °C to rt; (d) NaBPh,, CDCls, 50 °C; (e) PhCHO; (f)
Ag,COs3, rt then 5 mol% of Pd(dba), and 10 mol% of RuPhos.
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Suzuki-Miyaura cross-coupling reactions to provide complex
enantioenriched products (Scheme 1).* Importantly, they have
stated that the favorable rearomatization is a driving force for
these transformations, although an 1,3-brotopic shift is an
exceedingly slow process (formation of 5, 6, and 7, Scheme 1).
Regarding this, it has been reported that using a Lewis acid
promotes an 1,3-shift at a faster rate.® Aggarwal and co-workers
were then intrigued in diverting reactivity of intermediate 3
through the interception in a Diels-Alder cycloaddition reaction
(Scheme 1). Very recently, they published a simple one-pot
procedure through the interception of the dearomatized inter-
mediate 3 with a dienophile (PTAD) in a diastereoselective [4+2]
cycloaddition to generate highly complex three-dimensional
boron-containing molecular structures (Scheme 1-c)."® This
intermediate has been used in total syntheses™ and different
transition metal-catalyzed transformations."

We were then captivated in a number of issues arising from
these transformations; (1) realizing the formation of this
intermediate in a compelling mechanism, (2) understanding
the facial selectivity in the Diels-Alder cycloaddition which
should give us a clue to rationalize the origin behind high
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diastereoselectivity, (3) realizing the reactivity of cycloaddition
and 1,3-borotopic in the absence and presence of a Lewis acid,
and (3) due to the notably limited reactivity of cyclohexadienes
evaluation of the other dienophiles in [4+2] cycloaddition have
raised further questions corresponding to the demand of
matched/mismatched reactivities between the HOMO and
LUMO orbitals. Herein, we interpret a DFT study on the dia-
stereoselective [4+2] cycloaddition of the dearomatized tertiary
boronic ester, explaining the formation of such a stable dear-
omatized intermediate, comparing reactivity of 1,3-borotopic
shift with and without a Lewis acid, and highlighting the
important role of a bulk group in producing three-dimensional
boron-containing molecular structures diastereoselectivily.
Furthermore, we will rationalize reactivities of different dien-
ophiles from the point of frontier molecular orbital (FMO)
analysis and distortion/interaction energies.

Results and discussion

All our simulations were obtained by means of DFT calculations
using the wB97XD/6-311+G(2d,3pd) level of theory in both the
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(a) Free energy profile showing the mechanism of cycloadduct formation compared with 1,3-borotopic shift in the absence of Lewis acid,

and for [4+2] cycloaddition only syn pathway was chosen for comparison. (b) Effect of Lewis acid on 1,3-borotopic shift, showing effect of

noncoordinating “naked” Li*
(lithium salt, LiB(CH=)

(solid black line), THF-coordinated “naked” Li*
4, dashed red line). Energies between brackets are calculated in THF/SMD and CHClz/SMD (blue text). Geometries of TS 12a-

(Li(THF),*, dashed black line), and noncoordinating non-naked Li*

syn and intermediate 13a-syn are shown below. We replaced LiBPh4 by LiB(CH=)4 to reduce the computational complexity.
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gas phase and tetrahydrofuran (THF) as a representative solvent
(SMD solvation model) otherwise mentioned based on gas-
phase optimized geometries by wB97XD/6-31G(d). Generally,
we have not seen noticeable discrepancies between calculations
in the gas phase and implicit solvent, so all our discussions and
comparisons will be based on gas phase otherwise mentioned.

Reaction mechanism

Initially, we started our investigation with the formation of
dearomatized tertiary boronic ester 10, from the activated
intermediate 8 (Fig. 1-a). Here, we have used acetyl chloride
(MeCOCl) as an activated group instead of CICO,CMe,CCl; to
reduce computational demand. DFT simulations show that
formation of 10a by 1,2-migration and anti-Sn2'-elimination
mechanism needs a barrier of 7.2 kcal mol™' as a favorable
exergonic reaction (—39.5 kcal mol "), where R” is cyclopropyl
group. This would explain the desirable formation of interme-
diate 10a according to the experimental observations reported
by Aggarwal and co-worker.**® Aggarwal et al. showed that 1,3-
shift occurs only when a Lewis acid like NaBPh, was added to
the reaction.?* They performed an in situ salt metathesis with
NaBPh, in noncoordinating chloroform to accordingly give
“naked” Li'BPh,~ and the latter efficiently catalyzed the reac-
tion to afford the benzylic boronate. In this regard, the “naked”

View Article Online
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lithium cation with very weakly coordinating anions (BPh, )
has been shown to be a superactivated lithium cation,
substantially enhancing a Lewis acidic character and mediating
various organic reactions.” Thus, we were then interested in
investigating the 1,3-borotopic shift in the presence and
absence of a “naked” Lewis acid.

On one hand, and in the absence of Lewis acid (Fig. 2-a),
a substantial barrier of 26.4 kcal mol " is required to overcome
TS 14a to release benzylic boronate product 15a although this
shift is a thermodynamically favorable step (—38.3 kcal-
mol !).8%%¢ The calculated activation of rearomatization
(26.4 kcal mol ™%, k = 2.8 x 10" 7) is in line with the experimental
observation that this process is exceedingly slow in the absence
of NaBPh,.® In comparison, the addition of such a good dien-
ophile like PTAD, a reduced barrier [4+2] cycloaddition reaction
takes place via TS 12a-syn with barrier of just 11.1 kcal mol " as
an exergonic step (13a-syn, —32.9 kcal mol ) (Fig. 2-a). The low
barrier for cycloaddition totally outpaces 1,3-shift when a Lewis
acid is absent, and a good dienophile is present.

On the other hand, when the superactivated Lewis acid was
involved, the barrier of 1,3-shift varies based on the proposed TS
(Fig. 2-b). Here, we have proposed three TSs to understand how
Lewis acid catalyzes the reaction. When the noncoordinating
“naked” Li* was used, a barrierless shift of 1.1 kcal mol~ " in gas
phase was obtained via TS 14ay;+, and this barrier increases to

»
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Fig.2 Computed energetic comparison between syn and ant pathway for [4+2] cycloaddition reaction of intermediate diene 11b with PTDA 12a.
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Fig. 3 Computed energetic comparison between syn and anti pathway for [442] cycloaddition reaction of intermediate diene 11a with PTDA
12a. Energies between brackets are calculated in THF/SMD. Spacefilling model for diene 11a is shown in box.

22.1 keal mol™ in CHCl; and to 38.1 kcal mol™" in THF. To
match the experimental conditions, the difference in barrier
between THF and CHCI; is reasonable and in accord with the
fact that using CHCIl; was the choice to promote the 1,3-shift.
Coordinating two THF solvents to the “naked” Li" has effectively
increased the barrier to around 29.0 kcal mol™"' in both gas
phase and chloroform (see TS 14ay;tur),, Fig. 2-b) whereas
42.7 keal mol™' in THF. Furthermore, using a “non-naked”
lithium salt, LiB(CH3),, led to the highest barrier for 1,3-shift
(see TS 14ay;p(ch,),, Fig. 2-b). Finally, these results confirm the
reality that the need for a superactivated Lewis acid with
a noncoordinating solvent is tremendously necessary to facili-
tate the 1,3-borotopic shift, however this is still disfavored
compared to [4+2] cycloaddition in THF or CHCl;, plausibly
consistent with the experimental observations.

Rationalization of diastereoselectivity of the [4+2]
cycloaddition

We turned out our eyes into a rationalization of the diaster-
eoselectivity of cycloadduct formation. DFT calculations were
performed with two examples of dearomatized intermediate 10.
These dienes were chosen based on the size of the a-position (R*
group). Fig. 2 shows a diastereoselective bifurcation of [4+2]
cycloaddition for intermediate 10b and dienophile 11a leading
to syn and anti-product, where R is an and a-branched large
group. Interception of the diene 10b with 11a has been found to
proceed through an asynchronous concerted TS 12b-syn with

This journal is © The Royal Society of Chemistry 2019

a free energy barrier of 12.1 kcal mol " as an exergonic reaction
(13b-syn, —28.0 kcal mol ). Here, the N1-C1 bond in TS 12b-
syn is 1.99 A whereas N2-C2 bond is 2.50 A, resulting in an
asynchronousity of 0.51 A between the two bonds growing along
the TS.

The anti pathway, 10b — 13b-anti, proceeds with higher
barrier of 17.0 keal mol * (AAG* = 4.9 kcal mol ) in a slightly
similar exergonic step (AAG, = —0.5 keal mol ™). This would
explain that the syn is the kinetic product whereas the anti is the
thermodynamic product. The asynchronousity along TS 12b-
anti increases into 0.55 A. This activation energy difference
between the isomeric pathways would reflect the experimental
diastereoselectivity (>20:1 d.r.)."”* Computational evaluations
about the origin behind the high selectivity indicate that, along
TS, the bulk steric between the dienophile and quaternary
substituted group is responsible for the isomeric preference.
Along TS 12b-syn the steric distance between CH; group in the
Bpin of the diene moiety and N-N moiety in the dienophile
(PTAD) is 3.39 A and 2.55 A for N1-H[CH;]Bpin and N2-H[CH;]
Bpin respectively. However, the TS 12b-anti has shorter steric
distances of 2.53 A and 2.69 A for N1-H[R'] and N2-H[R']
respectively, where R' is adamantyl group. This means that
steric hindered provided by the Bpin moiety is less effective
than adamantly group, and consequently leading to highly syn
selectivity (>20 : 1 d.r.).

We then probed the computational diastereoselectivity when
R" is small such as cyclopropyl, the dearomatized intermediate
10a, to rationalize the experimental observations (Fig. 3).

RSC Adv., 2019, 9, 23148-23155 | 23151
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Experimentally, low diastereoselectivity for cyclohexadiene 10a
was obtained (1 : 1.6 d.r.)."* DFT calculations show that cyclo-
addition of 10a with 11a on both pathways are energetically
similar although the effect of solvent on calculation was
somewhat different. The formation of syn product 13a-syn via
an asynchronous concerted TS 12a-syn needs 11.2 kcal mol™*
whereas a slightly lower barrier of 10.8 kcal mol " (TS 12a-anti,
AAG* = —0.4 keal mol ") was seen for the anti product 13a-anti.
Thermodynamically, 13a-anti has a thermodynamic preference
of AAG, = 1.8 kcal mol™*. The calculated difference in activa-
tion energy between both TSs 12a-syn and 12a-anti reflects the
obtained diastereoselectivity (1 :1.6) with the inconsiderable
preference for the anti over syn product. The asynchronousity of
both TSs is lower than for those with adamantly-substituted TSs
(see Fig. 2). Noticeably, the steric distance between the N-N
moiety and cyclopropyl along the TS 12a-anti is relatively
shorter than in 12b-anti, correspondingly TS 12a-anti has
a lower barrier than TS 12b-anti by around 6.2 kcal mol ™. This
would reveal that the steric distance between N=N moiety of
PTAD is not only the case in determining the preferability, but
the steric bulk is effective too (see the spacefilling model for the
dearomatized intermediates 10a and 10b in Fig. 2 and 3).
Although PTAD 11a represents an excellent dienophile to react
with cyclohexadiene, scoping other dienophiles is highly
favorable (see below).

Exploring other dienophiles: we decided to perform
a broader computational search for other 27-components that
could react with cyclohexadiene intermediate in a similar
fashion and analogy with the cycloaddition processes. Although
Aggarwal and co-workers'® chose PTAD 11a to be the dienophile
based on the reported studies that addressed the poor reactivity
of cyclohexadienes towards cycloaddition reactions," other
dienophiles (11b-11f) were also tested (Scheme 2). Indeed, all
these dienophiles were unreactive towards cycloaddition,
therefore, we then turned our attention into understanding
their lack of reactivity by means of DFT calculations (Fig. 4).
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=
2 Bpin c \ o)
— /
Li B,
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R R
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\@ EtG oet 07 0”0
11b

11a 11c
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11d 11e 11f
(0.0% yield) (0.0% yield)  (0.0% yield)

Scheme 2 Other dienophiles investigated by Aggarwal and co-
workers. (a) CyBpin, THF, —78 °C to rt; (b) CICO,CMe,CCls, —78 °C to
rt; (c) dienophile, THF, —78 °C to rt or 50 °C.

23152 | RSC Adv., 2019, 9, 23148-23155

View Article Online

Paper
= I _ - I _
"\I— + —“%= +
“‘]” N > - > A _
o 'rl v T
> /...%"' " & \
=LY v r‘?«/\‘r’
1.30—@? o /"/-\|\§\‘ A
P }‘ 2.00 A 2.69
W Y Y
/y‘}* 17a-syn | 17b-syn - _

= AG* = 12.4 (14.0)

AGH=128.0 (31.9)
LUMO =-2.2, Eg = 4.9

LUMO=-0.2,E,=6.9

= — — | ]
«§_ T \,‘/\ 1’, s
:{- N AN ;|< "
e =4
‘E_T‘g:'\f g
*'SS( 2.18;:"7. )3 ‘( .
g 2.31"‘/;\' 139&'1‘12-35 ‘
2 =
/
- 17c-syn ~ 17d-syn -

AG* =258 (28.0)
LUMO =-1.5, Eg=5.6

AGH=32.8(38.3)
LUMO =-0.6, Eq = 6.5

< o od B

[~

‘}7‘:

A~ 7 l,‘ r
192— g TN
"r 1.26
7/t
v/
, 7T
L 17e-syn — —  A7f-syn —J

AGF =317 (35.6)
LUMO =-0.1, Eg=7.0

AGH=27.1(29.8)
LUMO = -1.1, Eg=6.0

Fig. 4 Optimized geometries for [4+2] cycloaddition of intermediate
15 with other dienophiles. Gas phase LUMO energy of the corre-
sponding dienophile and energy gap (Ey) are in eV. HOMO energy of
diene 15is —7.1 eV. Energies between brackets are calculated in THF/
SMD. Free energies of activation are in kcal mol™. All diethyl groups in
dienophiles were replaced with dimethyl groups to reduce the
computational demand.

Generally, from Fig. 3 all the dienophiles except PTAD
revealed high energy barriers (25.8-32.8 kcal mol ') with the
lowest calculated one for maleic anhydride 11c¢ (TS 17c-syn, AG*
= 25.8 keal mol ") and the highest one for diethyl fumarate (TS
17d-syn, AG* = 32.8 kcal mol ), much too high to be observed
under the reaction conditions in comparison to triply-reduced
barrier for PTAD (TS 17a-syn, AG* = 12.4 kcal mol ). Diethyl
maleate (11e) and nitrosobenzene (11f) display a comparable
barrier to diethyl fumarate (11d) and diethyl acetylenedi-
carboxylate (11b), respectively. Our DFT simulations show that
these barriers are in accord with the energy gaps calculated for
the intermediate diene 16 and corresponding dienophiles, the

This journal is © The Royal Society of Chemistry 2019
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Table1 Computed energies for [4+2] cycloadditions of the reactive and unreactive dienophiles in kcal mol™. Energies between are calculated in

THF/SMD*

TS AE* AEK AEKS AER AE}y,

17a-syn —2.4 (—0.5) 19.8 (19.5) 15.7 (16.2) 4.1 (3.3) —22.2 (=20.0)
17b-syn 10.3 (14.2) 29.2 (30.2) 13.3 (14.1) 15.9 (16.1) —18.9 (—16.0)
17¢c-syn 10.0 (12.2) 30.9 (31.2) 21.4 (22.0) 9.5 (9.2) —20.9 (=19.0)
17d-syn 12.4 (17.9) 35.4 (36.6) 24.1 (24.9) 11.3 (11.7) —23.0 (—16.7)
17e-syn 14.2 (18.1) 35.6 (34.8) 17.7 (18.3) 17.9 (16.5) —21.4 (-16.7)
17f-syn 10.7 (13.4) 20.6 (21.0) 17.6 (18.1) 3.0 (2.9) —9.9 (-7.6)

“ AE%S, AE%! and AES? represents the total, diene, and dienophile distortion energies respectively.

lowest molecular orbital (LUMO) energy of the dienophile the
lowest barrier for cycloaddition. Thus, the interception of
cyclohexadiene with PTAD will be exceptionally more reactive
than other dienophiles. It has been reported that cyclobutenone
and cyclopropenone are 1000 to 100 000 times more reactive
than cyclohexanone, at room temperature, toward cycloaddi-
tion process.'** The high barriers would primarily explain the
unsuccessful cycloadditions, and to assess the origin behind
this failure we have performed distortion/interaction analysis to
estimate the contributions of interaction and distortion ener-
gies of the geometrical deformation to the activation energy that
achieve the transition state (Table 1). This approach was
described by Houk and co-workers.'* The approach involves
separating the TS into its components (diene and dienophile)
which is followed by single point energy calculations of the
obtained separated reactive components with their respective
TS geometries preserved. The difference in energy between the
distorted fragments and optimized ground state geometries is
the distortion energy (AE%S) of the diene and the dienophile,
whereas the interaction energy is the difference between the
activation energy and the distortion energy (AEh, = AEF —
AEéiS)'

Table 1 shows a good understandable correlation between
activation energies and reactant distortion energies. Due to the
high distortion energies associated with accessing the transi-
tion state geometry, the reactivity of these dienophiles is then
decreased compared with PTAD. Studies by Houk and co-
workers investigated the superior reactivity of PTAD as a dien-
ophile for such systems.'” For all TSs shown in Table 1, except
TS 17f-syn that depicts lower interaction energy because of its
dienophile nitrosobenzene has a reduced distortion energy of
around 3.0 kcal mol™", the calculated interaction energies are
nearly comparable (—18.9 to —23.0 kcal mol ). This is believed
to be consistent with the fact that all these dienophiles and
diene have essentially constant interacting frontier molecular
orbitals.™

Conclusions

We have exhibited a DFT study, using the wB97XD/6-
311+G(2d,3pd)//6-31G(d) level of theory in both the gas phase
and THF/SMD, on the diastereoselective [4+2] cycloaddition of
the dearomatized tertiary boronic ester intermediate with
a profoundly reactive dienophile PTAD. The reaction mecha-
nism of this intermediate formation was disclosed to follow 1,2-

This journal is © The Royal Society of Chemistry 2019

metalate rearrangement/anti-Sy2’ elimination from an acti-
vated ortho-lithiated benzylamine, displayed as a depressed
barrier and thermodynamically exergonic step. Competition
between [4+2] cycloaddition and 1,3-borotopic shift was calcu-
lated to be in an immense preference for the cycloaddition
pathway either in the presence of absence of superactivated
“naked” Li", wherein the absence of a Lewis acid 1,3-borotopic
is exceedingly slow consistent with the experimental conditions.
Simulations speculate the aspect that is controlling the dia-
stereoselectivity in producing three-dimensional boron-
containing molecular structures was divulged to be the steric
bulk, adamantyl group provides an o-branched broad steric
bulk compared with a compact cyclopropyl. Finally, we have
compared the lack of reactivity of other dienophiles (11b-11f)
with PTAD (11a), where the unlikely energy barriers (25.8-
32.8 keal mol ') are attributed to the high distortion energies of
the interacting components that form the TS structure and this
was conspicuous with the high LUMO energies.

Computational details

All mechanical quantum calculations were performed using
Gaussian 09." The geometries were fully optimized at the
hybrid meta-generalized gradient dispersion-corrected approx-
imation wB97XD," with the basis set 6-31G(d).>* All minima
intermediates were verified by the absence of negative eigen-
values in the vibrational frequency analysis. Transition state
structures were found using the Berny algorithm,** and verified
by vibrational analysis. The transition states were visualized by
animating the negative eigenvector coordinate. Single-point
energies of the optimized geometries were evaluated using
larger basis set 6-311+G(2d,3pd).** The thermal corrections
evaluated from the unscaled vibrational frequencies at the
wB97XD/6-31G(d) level of theory were then added to the
wB97XD/6-311+G(2d,3pd) electronic energies to obtain the free
energies. The effect of solvent was included via the solvation
model based on density (IEFPCM-SMD) using tetrahydrofuran
(THF) or chloroform (CHCl;) as a representative solvent
medium.* In order to determine the minimum energy path
(MEP) on the potential energy surface (PES), intrinsic reaction
coordinate (IRC) calculations, by defining the phase for the
transition vector motion along the path, were performed for the
identified transition states using the Hessian-based Predictor—
Corrector integrator to confirm the reaction path proceeding in
both directions (reactant and product), in which the Hessian
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was recomputed every 3 predictor steps with a step size along
the reaction path of 0.05 bohr.>® All energies reported in this
paper are Gibbs free energies at 298.15 K using unscaled
frequencies. All activation free energies are quoted relative to
infinitely separated reagents. Optimized structures are illus-
trated using CYLview.**
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