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ABSTRACT: Contemporary literature offers a number of
interesting examples for asymmetric multicatalytic reactions
using chiral N-heterocyclic carbenes (NHCs) in conjunction
with other catalysts. One of the very recent examples
demonstrated a convenient strategy toward realizing chiral
benzofuranones from salicylaldehyde and dimethyl acetylenedi-
carboxylate (DMAD). In this article, we report the mechanism
and insights on the origin of asymmetric induction as obtained
through a comprehensive density functional theory (M06-2X
and mPWI1K) investigation. Different likely catalyst—substrate
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combinations as well as the timing/sequence of activation of different substrates are carefully examined so as to identify the most
preferred pathway. In the lowest energy path, the activation of DMAD by quinuclidine occurs first; the resulting zwitterionic
intermediate then undergoes a Michael addition with a salicylate ion to yield a salicylate—DMAD adduct, which, in turn, is
intercepted by the chiral NHC. In the next crucial step, an enantioselective C—C bond formation via an intramolecular Stetter
reaction furnishes the benzofuranone framework bearing a chiral carbon atom. Two transition state models, with and without an
explicitly bound catechol (an additive employed in the reaction that resulted in enhanced enantioselectivity), are considered. A
distinct energetic advantage, of the order of 3.4 kcal/mol, for the addition of the re face of the Breslow intermediate (derived
from the chiral NHC and the salicylate—DMAD adduct) to the re face of the dimethyl maleate moiety is noticed in the
stereocontrolling C—C bond formation step. The Gibbs free energy difference between the diastereomeric transition states for
(rere) and (resi) modes of addition is traced to the differential nonbonding interactions (O—H:+-7, lone pair (Ip)-+-z, and C—H:+-
O). The predicted enantioselectivity is in good agreement with the experimental observations.
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Bl INTRODUCTION

The use of N-heterocyclic carbenes as an asymmetric
organocatalyst has been widely recognized for its utility in a
diverse set of reactions. Nucleophilic NHCs have found
applications in a number of expedient synthetic strategies in
the recent times." Although the earliest demonstrations on the
potential of nucleophilic carbenes toward imparting umpolung
reactivity can be traced to a few decades ago,” beginning from
the mid 1990s, the domain of asymmetric NHC-catalyzed
reactions has witnessed a renaissance.” In particular, pioneering
contributions by Enders, Glorius, Nair, Rovis, Scheidt, Bode,
Robin Chi, Lupton, and many others have helped engender
considerable confidence on the potential of NHC as an
effective organocatalyst.* Very recently, increasingly sophisti-
cated examples of NHC catalysis, encompassing both
cooperative and multicatalytic cascades have appeared.® All
these developments should be regarded as a testimony to the
continued success of NHC catalysis.

Akin to related organocatalytic reactions such as with
secondary amines, the mechanistic studies on NHCs have
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invoked considerable recent interest.> Much of the attention
has been devoted to the formation of nucleophilic Breslow
intermediate and its reactions with a variety of acceptor
molecules. In the recent past, we have established the
importance of assisted proton transfer in Breslow intermediate
formation as well as the mechanism of a few NHC-catalyzed
reactions.’ However, the mechanistic intricacies become
increasingly more complex when other catalysts are employed
in conjunction with the NHC in one-pot reaction conditions.
Although development of efficient one-pot, multicatalytic
cascades remains a formidable challenge owing to the
compatibility issues between different catalysts, several clever
methods have recently been proposed.

Adequate understanding of the mechanistic details would
certainly help exploit the latent potential of multicatalytic
cascades. In the present study, we aim to shed light on the
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mechanism and origin of enantioselectivity in an asymmetric
Michael—Stetter cascade between salicylaldehyde and dimethyl
acetylenedicarboxylate (DMAD), catalyzed by a chiral triazole-
derived carbene in conjunction with quinuclidine (Qn) as the
second catalyst (Scheme 1).%° The target compound obtained

Scheme 1. Enantioselective Synthesis of Benzofuranones
from Salicylaldehyde and DMAD Using a Catalytic Cascade
by Qn and Chiral NHC (ref Se)
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through this multicatalytic cascade, by itself, is an inherently
interesting chiral benzofuranone. Benzofuran family of
compounds have remained an important synthetic target
owing to its potential as antifungal, anticancer, and anti-
psychotic activities.® Herein, we report some interesting
mechanistic insights obtained through density functional theory
investigation at the SMD (1opene)/M06-2X/6-31+G**//MO06-
2X/6-31+G** level of theory.

B RESULTS AND DISCUSSION

The experimental approach employed by Rovis and co-workers
involved the treatment of salicylaldehyde, dimethyl acetylene-
dicarboxylate (DMAD), Qn and a chiral triazolium salt as the
carbene (NHC) precursor, all in one reaction vessel at room
temperature in toluene.> It is also interesting to note that the
inclusion of catechol as an additive resulted in improved
enantioselectivity. Because the reagents are mixed together with

the catalysts in a one-pot reaction condition, the number of
likely combinations between them can be envisaged to be
proportionately higher as opposed to that in a sequential
addition followed by synthetic manipulations of the inter-
mediate compounds.

Depending on the sequence of combination between
different reactants and the timing of the catalytic events,
different mechanistic pathways are considered.” In this article,
we wish to present only the energetically most favored pathway,
chosen from among the different sequences of combination of
reactants, responsible for the formation of the major product
benzofuranone (11) and the key side product chromene (17),
as outlined in Scheme 2. We further intend to convey that the
mechanistic conclusions as to what is the most likely pathway in
a multicatalytic one-pot reaction should rigorously consider a
range of possibilities before accepting or discarding one on the
basis of the computed energetics. A perusal of the contents
provided in the Supporting Information is desirable toward
appreciating what led to the choice of the mechanistic route as
discussed here in the text. For the sake of brevity, the
comprehensive details on the alternative pathways leading to
different final products, other than benzofuranones, are placed
in the second half of the Supporting Information.

The catalytic cycle involved in the formation of one of the
key products (i.e., a salicylate intermediate 6) begins with the
addition of Qn to DMAD, as shown in Scheme 2. The
zwitterionic intermediate 2 thus generated can abstract a
proton from salicylaldehyde 3 to generate intermediate 4 and a
salicylate ion. The activated double bond in 4 can act as a good
Michael acceptor for the salicylate ion. The Michael adduct §
generated upon the addition of salicylate can then expel Qn,
leading to the formation of a salicylate intermediate 6 (Scheme
2).'° The DMAD—salicylaldehyde Michael adduct 6 generated
through the first catalytic cycle enters the second cycle of the
reaction wherein it is intercepted by the chiral NHC, as shown

Scheme 2. Key Mechanistic Steps Involved in Asymmetric Michael—Stetter Cascade Reaction to Enantiomerically Enriched
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in Scheme 2. The nucleophilic addition of NHC to the
electrophilic carbonyl carbon of 6 gives a zwitterionic
intermediate 7. One of the most vital steps involved in
organocatalytic reactions involving NHC is the formation of a
Breslow intermediate. The intermediate 7 can, in principle,
form a Breslow intermediate 8 via a three-membered proton
transfer step. Subsequent intramolecular Michael addition in
intermediate 8 leads to intermediate 9."' Further intramolecular
proton transfer through a five-membered ring 9 generates a
tetrahedral intermediate 10, which eventually furnishes
benzofuranone product 11 with the release of the NHC.

To render improved clarity, the energetics of formation of 6
is presented first. The stereoselective step involving the action
of chiral triazolinylidene NHC on 6 and the molecular origin of
chiral induction is described next. The Gibbs free energy profile
for the generation of intermediate 6, as given in Figure 1,
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Figure 1. Gibbs free energy (kcal/mol) profile for the formation of
salicylate intermediate 6 from DMAD and Qn obtained at the
SMD (To1yene)/ M06-2X/6-31+G**//M06-2X/6-31+G** level of
theory.

provides a number of important features of this catalytic
cascade. A detailed sampling of the conformers arising due to
different orientations of dimethyl maleate moiety as well as the
E and Z configurations of the alkene is carried out (see Figure
S2 in the Supporting Information for more details) to identify
energetically the most preferred transition state.

The initial nucleophilic addition of Qn to the activated triple
bond of DMAD via (1—2)* involves a notable barrier about 17
kcal/mol. Most of the intermediates involved in the catalytic
cycle triggered by Qn are found to be endoergic with respect to
the separated reactants. The first zwitterionic intermediate 2
gets protonated by the incoming salicylaldehyde 3 via (2—4).
The elementary step barrier is 9.2 kcal/mol for this
protonation. The second Michael addition of the salicylate
ion to the activated double bond of 4 exhibits only a low
elementary step barrier of 3.6 kcal/mol. The different
conformational and configurations possibilities that differ
respectively in the orientations of the aldehyde group of the
salicylate ion and across the C—C double bond of the
quinuclidinium ion 4 are considered so as to identify the
lowest energy transition state for (4—5)*."* The intermediate §
thus produced can either expel Qn, as shown in Scheme 2, or
undergo and intramolecular aldol cyclization with the aldehyde
group of the salicylate. It is noticed that the barrier for the
removal of Qn leading to product 6 via (5—6)* is only about a
kcal/mol. However, the corresponding barrier for aldol
cyclization is about 9 kcal/mol, indicating a distinct kinetic
advantage for the formation of 6. Moreover, the generation of
salicylate 6 is found to be exergonic by 16 kcal/mol. Thus, the
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energetically less favored aldol pathway, without the NHC
participation, can account for the formation of a chromene
(minor product).”

The next most important step in the reaction is the
interception of salicylate 6 by the chiral NHC. As with the
related NHC-catalyzed reactions, the formation of a Breslow
intermediate between 6 and NHC is considered first."> The
computed Gibbs free energies of all the key events involved in
this catalytic cycle are provided in Figure 2. The barrier for the
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Figure 2. Gibbs free energy (kcal/mol) profile for the conversion of
the salicylate intermediate 6 to benzofuranone product (11) by the
action of NHC obtained at the SMD(rqjyene)/M06-2X/6-31+G**//
MO06-2X/6-31+G** level of theory.

C—C bond formation between the nucleophilic NHC and the
aldehydic carbon atom of 6, via (6—7), is 18.6 kcal/mol. On
the other hand, the computed barriers for a direct 1,2-proton
transfer in 7 is as high as 48 kcal/mol, which is in concert with
earlier reports concerning the energetics of the Breslow
intermediate formation.”*"“'* Hence, a two-step assisted-
proton transfer, facilitated either by water or by catechol, is
herein proposed. It is important to reckon that catechol is
employed as an additive in the title reaction. A transition state
for the proton transfer (7—8)* enabled by a catecholate ion
(obtained upon a favorable deprotonation by Qn) is identified
as 24 kcal/mol lower in energy as compared to a direct 1,2-
proton transfer. Similarly, a relay proton transfer, promoted by
two explicit water molecules, is also found to be of similar
energies as that of the catecholate-assisted proton transfer."®
The formation of Breslow intermediate (8) is exoergic by 16.3
kcal/mol with respect to the separated reactants, indicating that
with a suitable experimental g)robe the participation of 8 in the
reaction could be detected.'

The most critical step in this reaction is an intramolecular
Stetter reaction, wherein the nucleophilic Breslow intermediate
adds to the activated maleate double bond. The addition to the
a-carbon of the maleate moiety results in a furanoid ring as
shown in 9 (Scheme 2). It can readily be noticed that both the
donor and acceptor moieties involved in this ring-closing step
offer prochiral faces. A total of eight stereochemically distinct
modes for the C—C bond formation are therefore considered
that differ in terms of the (i) re or si prochiral faces of the
reacting partners and (i) the ring conformation of the
morpholine ring of the chiral NHC. As shown in Figure 3,
when the morpholine oxygen is oriented downward toward the
indane ring, it is termed as cis, and when it remains in an
upward position, it is termed as trans. In addition to these
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Figure 3. Different stereochemical possibilities involved in the stereoselectivity-controlling transition states for the C—C bond formation consisting
of an explicitly included catechol. The Newman projection along the incipient C—C bond is shown. The relative energies at the SMD (1,jyene)/MO06-
2X/6-31+G**//M06-2X/6-31+G** are shown with respect to the lowest energy transition state. The values in parentheses refer to the values in the

absence of the explicit catechol in the transition state.

(8-9)*-cis-(re,re)
L1(0.0)
L2 (0.0)
L3(0.0)

(8-9)*-cis-(re,si)
L1(0.4)
L2(27)
L3 (4.9)

a b c e f g h i m q s
cis-(re,re) 223 299 294 245 242 273 226 208 - _ _
cis-(re,si) 203 301 300 241 243 - 239 - 296 177 251

Figure 4. Optimized geometries of the diastereomeric transition states at the M06-2X/6-31+G** level of theory for the enantioselective C—C bond
formation in the absence of catechol. L1(SMD(r,jyene)/M06-2X/6-31+G**//M06-2X/6-31+G**), L2(SMD (rojyene)/mPWI1K/6-31+G**//
mPW1K/6-31+G**), and L3(SMD (1ojuene)/B3LYP/6-31+G**//B3LYP/6-31+4G**). (C = black, N = cyan, O = red, F = green, H = gray).
Note that the letters denoting noncovalent interactions are discontinuous here due to the lack of certain types of interactions as compared to those in

Figure S where it is continuous.

stereochemical possibilities, we have also identified the
stereocontrolling transition states with and without an explicitly
included catechol. This has been done in view of an increase in
enantioselectivity noticed by Rovis and co-workers when
catechol was employed as an additive.>*"”

The computed relative Gibbs free energies of the C—C bond
formation transition states, with and without an explicit
molecule of catechol, along with their broad stereochemical
features are provided in Figure 3.'"® In the absence of the
catechol, the addition of the re face of enol to the re face of the
maleate with a cis conformation of the morpholine oxygen is
computed as the lowest energy mode. This transition state,
designated as cis-(re,re), corresponds to the product with a R
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configuration for the newly generated chiral carbon atom,
which is in line with the sense of enantioselectivity reported
experimentally.*® However, the difference in Gibbs free energy
between the diastereomeric transition states, cis-(re,re) and cis-
(re,si), which is responsible for the extend of stereoselectivity, is
found to be only 0.4 kcal/mol."® Because the predicted
enantioselectivity is much lower than the experimental value,
we have examined the geometric features more closely, both in
the gas phase and in the condensed phase. Full geometry
optimization of these transition states, in a toluene continuum,
again yielded an energy difference of only 0.9 kcal/mol. The
origin of such a modest energy difference is traced to the lack of
differential in the intramolecular interactions. For instance, the

DOI: 10.1021/cs502006x
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(8-9)F-cis-(re,re)

L1(0.0)
L2 (0.0)
L3 (0.0)

(8-9)*-cis-(re,si)

L1 (3.4)
L2 (3.9)
L3 (5.7)

a b c d e f g h i
cis-(re,re) 227 299 296 210 244 245 272 238 214
cis-(re,si); 2.02 3.02 3.02 222 244 238 - - -

J k / m n o P q r
cis-(re;re). 279 195 - - - - - - 2.08
cis-(re,si) - - 2.52 285 276 262 1.99 1.77 -

Figure S. Optimized diastereomeric transition states at the M06-2X/6-31+G** level of theory for the enantioselective C—C bond formation in the
presence of catechol. The bond lengths are in A. The values in parentheses are relative Gibbs free energies at L1(SMD (rqjyenc)/M06-2X/6-31+G**/ /
M06-2X/6-31+G**), L2(SMD (1ojyene)/ MPW1K/6-31+G**//mPWI1K/6-31+G**), and L3(SMD (rqjyenc)/B3LYP/6-31+G**//B3LYP/6-31+G**).

(C = black, N = cyan, O = red, F = green, H = gray).

noncovalent interactions (denoted as a-s, in Figure 4) in cis-
(re,re) and cis-(re,si) are closely similar in these diastereomeric
transition states.

Another transition state model with an explicitly included
catechol is then examined wherein it participates in hydrogen
bonding interactions with the enol and the maleate oxygen
atoms (Figure 3). Again, the energetically most preferred
transition state is found to be cis-(re,re), similar to that noted in
the absence of catechol. The subscript “c” here denotes that
these transition states contain an explicit catechol molecule.
The most important aspect of this refined transition state
model with an explicit catechol is that the difference in Gibbs
free energy between the stereocontrolling diastereomeric
transition states cis-(re,re), and cis-(resi), is 3.4 kcal/mol.*!
Such a pronounced energy separation corresponds to % ee of
99, which is in excellent agreement with the experimentally
reported value.’® This prediction is again in concert with the
fact that the inclusion of catechol as an additive resulted in an
improvement in the observed enantioselectivity.

The analysis of the optimized geometries revealed that the
hydrogen bonding interaction with catechol is vital toward
providing an additional stabilization to the lower energy
transition state cis-(re,re).. Improved noncovalent interactions
between the catechol and the substrates in cis-(re,re). appear to
have a direct impact as well. These interactions are mapped in
Figure S. Such additional stabilization results in a larger energy
separation of 3.4 kcal/mol between the stereocontrolling
transition states as opposed to a very narrow separation (0.4
kcal/mol) in the absence of an explicit catechol. The
stereocontrolling factors operating in the transition states are
carefully analyzed to understand the origin of chiral induction.
As depicted in Figure S, a number of crucial noncovalent
contacts*” are identified, which include (i) 77 interaction (b
and m), (ii) C—H---O (e, f, h, and 1) and O—H---O hydrogen
bonding (d, k, p, g, and r), (iii) lone pair (Ip)---7 interaction (g),
(iv) C—H--x interaction (n, and j), (v) O—H:--x interaction (i,
and 0), and (vi) C—F---x interaction (c). These interactions are
further probed by evaluating the electron densities at the bond
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critical points along the respective bond paths within the
quantum theory of Atoms-In-Molecule (AIM) formalism.>®
The interactions that render additional stabilization to the
lower energy transition state cis-(rere). are (i) a stronger O—
H--7 interaction (i, 2.14 A) than cis-(re,si), (o, 2.62 A),** (ii)
lone pair (lp)-7 interaction (g) which is present in cis-(re,re).
but is absent in cis-(re,si). and (iii) a moderately stronger C—
H--O (¢, f, and h) interaction in cis-(re,re), than in cis-(re,si) .

Through the stereocontrolling Stetter reaction (C—C bond
formation) as described above, the benzofuranone framework is
built with a chiral carbon atom. In the ensuing steps, the
generated ester enolate intermediate 9 will undergo a
protonation. The geometry of 9 is such that hydroxyl group
is suitably poised for a five-member proton transfer transition
state. The intramolecular proton transfer provides a tetrahedral
alkoxide intermediate 10 via a low energy transition state (9—
10)* (Figure 2). The barrier for the catalyst regeneration and
product release, calculated as the difference in Gibbs free
energies between transition state (10—11)* and the alkoxide
intermediate 10, is 10.2 kcal/mol. The overall reaction is
estimated as exergonic by about 39 kcal/mol for the formation
of the final product 11 ((R)-methyl 2-(2-methoxy-2-oxoethyl)-
3-ox0-2,3-dihydrobenzofuran-2-carboxylate).

An interesting aspect relating to the asymmetric induction as
described above is that the enantiocontrol is exerted by a
network of noncovalent interactions between the catalyst and
the reacting substrates. These very interactions could, in
principle, be exploited as a handle for steering the stereo-
chemical course of the reaction through -catalyst/substrate
modifications. For instance, the z---7 stacking interaction
between the N-aryl(C4Fs) group and salicylaldehyde moiety
(b and ¢) and C—H:--7 interactions (n and j) are quite similar
in both diastereomeric cis-(re,re). and cis-(re,si). transition
states (Figure S). To examine the role of the pentafluoroaryl
decoration on the triazolium moiety, we have systematically
modified the N-aryl group by a suitably chosen set of
substituents.”® Most significantly, the predicted % ee is found
to be the best for the parent C4F; group as compared to its
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modified aryl substituents. For instance, with modified aryl
groups the predicted % ee are 64 (C¢Hs), 91 (2,6-F,C4H,), 98
(2,4,6-CLLCF,), 97 (2,4,6-CLLC,H,), 91 (2,4,6-Me,CoH,), 94
(2-Me,4-MeOC4H,), suggesting a direct role of the penta-
fluoroaryl group.

B CONCLUSIONS

The mechanism of a multicatalytic asymmetric Michael—Stetter
cascade reaction between salicylaldehyde and DMAD has been
established by using DFT (M06-2X and mPW1K) computa-
tional methods. The role of Qn has been identified as
responsible for the activation of DMAD toward its reaction
with a salicylate ion, to eventually furnish salicylate—DMAD
adduct. The chiral NHC intercepts the salicylate generated
through the first Qn-catalyzed cycle to form a Breslow
intermediate. The catechol additive has been found to play a
vital role in lowering the activation barrier both for the Breslow
intermediate formation and in the subsequent enantioselective
C—C bond formation leading to the benzofuran framework.
The intramolecular addition of the re face of the enol on the re
face of a-carbon of the maleate moiety has been noted as the
most preferred mode for the C—C bond formation. The
computed % ee in this intramolecular Stetter reaction is in good
agreement with experimental value in the presence of catechol.
The origin of asymmetric induction stems from the differences
in O—H---z, lone pair---7, and C—H:-O nonbonding
interactions between the stereocontrolling transition states.

B COMPUTATIONAL METHODS

DFT (density functional theory) calculations on all the
stationary points such as intermediates, reactants, and transition
states were carried out using M06-2X”’ and mPWIK*®
functional. In addition to using these two functionals, the
B3LYP* computations were also carried out for the stereo-
selective C—C bond formation all in conjunction with the
Pople basis set 6-31+G**.>* Fully optimized geometries of all
the stationary points were characterized by frequency
calculations in order to verify that (a) the transition states
(TSs) have one and only one imaginary frequency pertaining to
the desired reaction coordinate, and (b) all minimum energy
structures have only positive Hessian matrix. The Intrinsic
Reaction Coordinate (IRC) calculations were performed at the
mPWIK and M06-2X levels of theory to further authenticate
that the TS on the energy profiles connect to the desired
minima on either side of the first order saddle point. These
geometries were further optimized by using “opt = calcfc” key
word. Gibbs free energies were obtained by adding the thermal
and entropic terms estimated by using standard statistical
mechanical approximations (rigid rotor and harmonic vibra-
tional frequencies) at 298.15K and 1 atm pressure. All
calculations were carried out using the Gaussian 09 suite of
quantum chemical program.*’

The effect of continuum solvation was incorporated by using
the SMD solvation model wherein the full solute electron
density is employed without deﬁning partial atomic charges as
well as an universal solvation model.”* The single point energy
calculations were carried out in the condensed phase, on the
gas phase geometries obtained at the M06-2X and mPW1K
level of theory with 6-31+G** basis set. Because the
experimental studies employed toluene as a solvent, we have
employed the continuum dielectric of toluene (dielectric
constant, £ = 2.37). The Gibbs free energies and enthalpies
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for all stationary points in the condensed phase were obtained
by adding the corresponding thermal energies obtained in the
gas phase computations to the single point energies. The full
geometry optimizations were carried out at the SMD(Toluene)/
M06-2X/6-31+G** level of theory for the four of eight
diastereomeric TSs (which are lowest energy TSs in the
presence and absence of catechol) leading to enantiomeric
products. The Gibbs free energies provided in the text are at
the SMD (1ogene)/M06-2X/6-31+G**//M06-2X/6-31+G**
level of theory for all the stationary points.
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