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ABSTRACT: DFT calculations have been carried out to
study the detailed mechanisms for carboxylative-coupling
reactions among terminal alkynes, allylic chlorides, and CO,
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catalyzed by N-heterocyclic carbene copper(I) complex p

(IPr)CuCl. The competing cross-coupling reactions between

terminal alkynes and allylic chlorides have also been investigated. The calculation results show that a base-assisted metathesis of
(IPr)CuCl with PhAC=CH occurs as the first step to give the acetylide (IPr)Cu—C=CPh, from which CO, insertion and
reaction with an allylic chloride molecule, respectively, lead to carboxylative-coupling and cross-coupling reactions. It was found
that both the reactions of (IPr)Cu—C=CPh and (IPr)CuOCOC=CPh (a species derived from CO, insertion) with an allylic
chloride molecule occur through an Sy2 substitution pathway. The two Sy2 transition states (calculated for the carboxylative
coupling and cross coupling) are the rate-determining transition states and show comparable stability. How the reaction
conditions affect the preference of one pathway over the other (carboxylative coupling versus cross coupling) has been discussed

in detail.
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B INTRODUCTION

The greenhouse effect has been recognized as an important
environmental issue, and CO, makes up a significant percent of
total greenhouse gas (GHG) emissions."> However, CO, is an
attractive building block for organic synthesis because of its
low cost and abundance.>° Recently, significant efforts
have been devoted to converting CO, into carboxylic acids
and derivatives.”” Compared to much-studied carboxylation
reactions used to prepare carboxylic acids,”® carboxylative
coupling for directly producing carboxylic esters has been rarely
reported.”"’

In 2010, Lu et al. reported that three-component carbo-
xylative coupling among terminal alkynes, allylic chlorides,
and CO, can be catalyzed by N-heterocyclic carbene copper(I)
complex (IPr)CuCl to form carboxylative esters.'® Equation 1
gives a representative example of the reactions. The experi-
mental study by Lu et al. showed that in addition to major
product a (carboxylative coupling product), in most cases,
cross-coupling byproduct b is also produced (eq 1). In the
experimental study, it has been found that relatively high
CO, pressure (1.5 MPa) is beneficial to suppressing the for-
mation of cross-coupling byproducts and significantly improv-
ing the rate of the carboxylative-coupling reactions. These
findings are interesting and lead us to study the mechanism of
the reactions.

Scheme 1 shows the currently proposed reaction mecha-
nisms for the two possible reaction pathways leading to
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carboxylative-coupling and cross-coupling reactions.'
LCuCl first reacts with a terminal alkyne in the presence of a
base to give copper(I) acetylide intermediate LCuC=CPh. In
the carboxylative-coupling cycle, CO, inserts into the metal—
carbon bond of the acetylide intermediate to form a carboxylate
intermediate, which then reacts with the allylic chloride to
produce the carboxylative-coupling product (ester PhC=
CCOOCH,CH=CHPh). In the cross-coupling cycle, a direct
coupling between the copper(I) acetylide intermediate and
the allylic chloride occurs to give the cross-coupling product
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Scheme 1. Proposed Mechanisms for Carboxylative
Coupling and Cross Coupling
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(PhC=CCH,CH=CHPh). However, details regarding the
mechanisms are still not clear.

In this article, with the aid of DFT calculations, we examine
in detail the mechanisms of the carboxylative-coupling and
cross-coupling reactions shown in eq 1. Through these studies,
we hope to answer the following questions: (1) What is the role
of the base? (2) How does the main reaction pathway, which is
carboxylative-coupling, compete against the cross-coupling
pathway? (3) How do the couplings occur, via an Sy2 mode
or an oxidative addition/reductive elimination mode? (4) How
does high pressure help to improve the rate of carboxylative
coupling, and how does temperature influence the reactions?
These questions are very important for us to understand the
reactions better.

B COMPUTATIONAL DETAILS

The reactions studied in this article involve the formation of C—C and
C—0 bonds and the cleavage of C—CI bonds. In an early study, Li et
al. found that compared to other DFT methods, the B3P86 method
gives good results on the dissociation enthalpies of these bonds."
Thus, B3P86, which employs the Becke88 exchange functional in
combination with the gradient corrections of Perdew plus his 1981
local correlation functional, was used in all of our calculations.*
The 6-311+G (d) basis set was used for Cu, Cl, and O atoms, and

the 6-31G (d,p) basis set was used for all other atoms (C, H, N,
and K).'>'® In addition, the polarizable continuum model (PCM)
was chosen to account for the solvent effect.'” Corresponding to the
experimental conditions, N,N-dimethylformamide (DMF) was adop-
ted as the solvent. Because the steric effect is very important, we use
full ligand IPr in all of the calculations. All of the structures were fully
optimized in DMF solution and visualized using the XYZViewer
software developed by de Marothy.'® Vibrational frequencies were
calculated analytically to ensure that a local minimum (LM) has no
imaginary frequency (IF) and every transition state (TS) has only a
single IF. Intrinsic reaction coordinates (IRC)'® were calculated for
the transition states to confirm that such structures indeed connect
two relevant minima. To reduce the overestimation of the entropy
contribution of the results, we also employed a correction of —2.6
(or 2.6) kcal/mol for 2:1 (or 1:2) transformations as many earlier
theoretical studies did.*® Unless specified, energies reported here are
entropy-corrected free energies at 298 K. All quantum calculations
were carried out with the Gaussian 09 program.”!

We also employed the dispersion-corrected DFT method (B3P86-
D2) to optimize all of the intermediates and transition states. For
comparison, the relative energies calculated from B3P86 and B3P86-
D2 are given in Table S1 in the Supporting Information. All of the
structures calculated from the two methods are plotted side by side
and are given in Figure S1. Energy profiles for the two most favorable
pathways obtained from the two methods are compared and given
in Figures S2. Single-point energy calculations using a larger basis set
(6-311++G(d,p)) were also performed. The relative energies using the
larger basis set are also given in Table S1. The results show that the
large basis set in general gives slightly higher reaction barriers by up to
4 kcal/mol than does the medium basis set. However, the differences
in the barriers among different reaction pathways do not change
significantly.

Structurally, the two methods give similar results. The struc-
tures calculated from the two methods do not differ significantly
(Figure S1). When we come to consider the energetic aspect, we make
the following observations. (i) The most favorable pathways for
carboxylative coupling and cross coupling predicted by B3P86 are the
same as those predicted by B3P86-D2. (ii) The B3P86 results indicate
that carboxylative coupling and cross coupling are competitive, in good
agreement with the experimental observation. (iii) The B3P86-D2
results indicate that cross coupling is more favorable than carboxylative
coupling, which is inconsistent with the experimental observation. (iv)
The overall reaction barrier calculated for carboxylative coupling is
25.1 kcal/mol (B3P86) versus 18.3 kcal/mol (B3P86-D2), and the

Scheme 2. Detailed Catalytic Cycles for Carboxylative Coupling and Cross Coupling
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overall barrier calculated for cross coupling is 24.8 kcal/mol (B3P86)
versus 15.0 kcal/mol (B3P86-D2).

In summarizing all of the above, we conclude that the B3P86-D2
results cannot explain the competitive nature of the reactions. Fur-
thermore, the reaction barriers predicted by the B3P86-D2 method
seem a bit too low in view of the experimental temperature (60 °C).
B3P86-D2 overestimates the stability of the transition states, espe-
cially rate-determining transition state TS;_,, for the cross-coupling
pathway. We also employed other dispersion-corrected DFT methods,
such as BP86-D3, B3PW91-D3, B3LYP-D3 and MO6, to re-evaluate
the energies of key intermediates (3 and 6) and transition states
(TS;_¢ TSe_7 and TS;_,,). The relative energies calculated for these
key intermediates and transition states using these dispersion-
corrected DFT methods are listed in Table S2. The results again
show that the inclusion of the dispersion correction significantly over-

Figure 1. Energy profile calculated for the metathesis reaction bet-
ween LCuCl (L = IPr) and PhC=CH leading to the formation of
copper(I) acetylide intermediate 3. The free energies are given in
kcal/mol.
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Figure 2. Energy profile calculated for the CO, insertion into the
copper(I)—acetylide bond in LCuCCPh (3) to form carboxylate
intermediate 6. The structure calculated for TS;_¢ is shown on the
right-hand side. The free energies are given in kcal/mol, and the bond
lengths are given in angstroms.
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Figure 3. Energy profiles calculated for the reaction of copper(I)
carboxylate intermediate 6 with allylic chloride via (a) a concerted Sy2
reaction pathway, (b) a stepwise Sy2 reaction pathway, (c) a
traditional oxidative-addition reaction pathway, and (d) a nontradi-
tional oxidative-addition reaction pathway. The free energies are given
in kcal/mol.

estimates the stability of transition state TS; ), for the cross-coupling
pathway. Therefore, throughout the article we use the B3P86 results
for our discussion.

B RESULTS AND DISCUSSION

Metathesis of LCuCl with PhC=CH to Give LCuC=
CPh: The Role of the Base. Scheme 2 gives a detailed version
of the reaction mechanisms shown in Scheme 1. Detailed
pathways regarding how copper(I) acetylide intermediate
LCuC=CPh reacts with CO, and with the allylic chloride

are given in this detailed version.

dx.doi.org/10.1021/cs5011184 | ACS Catal. 2014, 4, 4466—4473
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Figure 4. Calculated structures for selected transition states related to the pathways for the reaction of copper(I) carboxylate intermediate 6 with

allylic chloride. Bond lengths are given in angstroms.

Before we discuss the detailed mechanism, let us first focus
on the first step, which is the metathesis reaction between
LCuCl and PhC=CH to form the copper(I) acetylide
intermediate. Figure 1 shows the energy profile calculated for
this step. Two pathways were calculated, a direct pathway and a
base-assisted pathway.

In the direct pathway, the phenylacetylene substrate
molecule coordinates to the LCuCl copper(I) center to form
an 77> complex (2) from which proton migration to the chloride
ligand occurs followed by an acid—base neutralization (HCI +
K,CO; — KCI + KHCO;) to give copper(I) acetylide inter-
mediate 3. In this direct pathway, the overall free-energy barrier
to complete the metathesis via transition state TS, ; was
calculated to be 25.6 kcal/mol. The possibility of adding a
base (K,CO;) to 1> complex 2 for deportation was also con-
sidered (Figure 1). This pathway via transition state TS,_;’
(18.6 kcal/mol) is slightly more favorable.

In the base-assisted pathway, a ligand exchange of carbonate
(K,CO;) for chloride occurs easily to give a thermodynamically
more stable double salt of (KCI)(LCuCOOK) that has the
structure of 4 shown in Figure 1. Separation of KCI from the
double salt gives LCuCOOK (5). From 5, a proton transfer
from PhC=CH to one carbonate oxygen via a six-membered-
ring transition state (TS;_;) produces copper(l) acetylide
intermediate 3. As shown in Figure 1, the overall free-energy bar-
rier calculated for this base-assisted pathway is 16.6 kcal/mol,
which is much lower than that calculated for the direct path-
way. Clearly, the base (K,CO;) plays an important role in
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promoting/facilitating the formation of copper(I) acetylide
intermediate 3.

We also calculated the energetics associated with the direct
reactions of LCuCl with CO, and allylic chloride. The free-
energy barrier for LCuCl + CO, — LCuOC(O)Cl was
calculated to be 29.3 kcal/mol with a reaction free energy of
28.8 kcal/mol. The reaction free energies for LCuCl + PhCH=
CHCH,Cl — [LCu(CH,=CHCHCIPh)]Cl and LCuCl +
PhCH=CHCH,C] — LCuCHPhCHCICH,CI were calculated
to be 28.0 and 48.9 kcal/mol, respectively. All of these results
indicate that LCuCl will react preferentially with PhC=CH over
CO, or allylic chloride.

Carboxylative Coupling. As shown in Schemes 1 and 2,
once the copper(I) acetylide intermediate (3) is formed, it can
react with either CO, or allylic chloride to leading to carbo-
xylative coupling or cross coupling. Let us first discuss the
carboxylative coupling.

Figure 2 shows the energy profile calculated for the CO,
insertion into the copper(I)—acetylide bond in 3 to form
copper(I) carboxylate intermediate 6. The overall free energy
barrier via TS;_¢ was calculated to be 18.6 kcal/mol. In the
insertion process, the metal-bonded sp-hybridized carbon in
intermediate 3 can be viewed as a nucleophile to attack the
electrophilic CO, carbon center. In transition state TS; g, the
C—C bond being formed is 1.929 A.

The next step after the CO, insertion is that allylic chloride
reacts with copper(I) carboxylate intermediate 6. Reaction of
allylic chloride with 6 can proceed either through Sy2 substitution
or through oxidative addition followed by reductive elimination.

dx.doi.org/10.1021/cs5011184 | ACS Catal. 2014, 4, 4466—4473
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Figure S. Energy profiles calculated for the reaction of copper(I)
acetylide intermediate 3 with allylic chloride via (a) an Sy2
substitution pathway, (b) one-step oxidative addition followed by a
reductive-elimination pathway, and (c) a nontraditional oxidative-
addition pathway. The free energies are given in kcal/mol.

Figure 3 shows the energy profiles for various possible pathways
calculated for the reaction of allylic chloride with copper(I)
carboxylate intermediate 6. Figure 4 gives selected transition-state
structures calculated along the reaction pathways studied.

In the Sy2 substitution, there are two possible pathways in
which the uncoordinated carboxylate oxygen in 6 acts as the
entering group. Figure 3a,b shows the energy profiles calculated
for these two possible Sy2 pathways. The pathway shown in
Figure 3a is a concerted pathway in which the leaving group
(chloride) finds coordination with the copper(I) metal center
via six-membered-ring transition state TSs_ ;. The pathway
shown in Figure 3(b) is a stepwise pathway in which the leaving
chloride is far away from the metal center and an ion pair (7) is
formed via the transition state TSq_-.
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When oxidative addition is considered, the traditionally seen
oxidative addition mode through an #7* approach of the C—Cl
bond toward the copper(I) metal center gives a high reaction
barrier of 33.7 kcal/mol (Figure 3c) because of steric hindrance
as a result of the bulky IPr ligand. Interestingly, we also found a
nontraditional oxidative-addition pathway via transition state
TS¢_o (Figure 3d) resembling an Sy2 substitution where the
metal center acts as an entering group to give an ion pair (9)
formed between a T-shaped copper(Ill) complex cation and a
chloride anion. From 9, reductive elimination occurs via
another nontraditional reductive elimination transition state
(TS,_;) to give ion pair 7. A structural reorganization in ion
pair 7 gives the carboxylative-coupling product and regenerates
active species 1. The overall barrier for this pathway (Figure
3d) was calculated to be 30.8 kcal/mol (6 — TS,_,).

On the basis of the calculated energy profiles shown in Figure
3, we can conclude that the stepwise Sy2 substitution pathway
(Figure 3b) is the most favorable pathway for copper(I)
carboxylate intermediate 6 reacting with allylic chloride. The
overall free-energy barrier is calculated to be 25.1 kcal/mol (6 —
TS¢_>). In considering Figures 1, 2, and 3(b), we can see that
C—O0 bond formation (6 — TS,_;) is the rate-determining step
in the whole carboxylative-coupling reaction. We also note that
the overall carboxylative-coupling reaction, PhC=CH + CO, +
PhCH=CHCH,Cl + K,CO; — PhC=CCOOCH,CH=
CHPh + KHCOj; + KCl, is exergonic by 21.4 kcal/mol, which
is thermodynamically very favorable.

Cross Coupling. In the cross coupling, copper(I) acetylide
intermediate 3, which was formed from the metathesis of
LCuCl with PhC=CH, reacts directly with allylic chloride.
Three pathways were calculated for 3 reacting with allylic
chloride (Figure 5), i, an Sy2 substitution pathway (Figure Sa),
one-step oxidative addition followed by reductive-elimination
pathway (Figure Sb), and a nontraditional oxidative-addition
reaction pathway (Figure Sc). Figure 6 gives selected transition-
state structures calculated along the reaction pathways studied.

In the Sy2 substitution pathway (Figure Sa), the acetylide
ligand in 3 acts as the entering group to attack the allylic
chloride-bonded carbon nucleophilically via transition state
TS,_jo to form an ion pair (10). Then a structural reorganization
in the ion pair gives the cross-coupling product and regenerates
active species 1.

In the one-step oxidative addition followed by reductive-
elimination pathway (Figure Sb), an oxidatively added four-
center transition state (TS;_;) corresponds to oxidative
addition of the C—Cl bond to the Cu(I) metal center followed
by reductive elimination to give the cross-coupling product and
regenerate active species 1 with a barrier of 35.3 kcal/mol. One-
step processes involving both oxidative addition and reductive
elimination have also been observed in a number of copper-
mediated/catalyzed C—C bond-formation reactions.”

Similar to what we found for the carboxylative-coupling
reaction, a nontraditional oxidative-addition pathway was found
via TS;_;; to form an ion pair (11) between a T-shaped
copper(III) complex cation and a chloride anion, from which
reductive elimination occurs through TS;;_, to give ion pair
10. Finally, a structural reorganization releases the cross-
coupling product and regenerates active species 1. The overall
barrier for this pathway (Figure Sc) was calculated to be 30.3
kcal/mol.

Among the three cross-coupling pathways calculated, the Sy2
substitution pathway (Figure Sa) is clearly the most favorable.
In considering Figures 1 and Sa, we can see that C—C bond

dx.doi.org/10.1021/cs5011184 | ACS Catal. 2014, 4, 4466—4473
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Figure 6. Calculated structures for selected transition states related to the pathways for the reaction of copper(I) acetylide intermediate 3 with allylic

chloride. Bond lengths are given in angstroms.

formation via TS;_, is rate-determining for the whole cross-
coupling reaction. We also note that the overall cross-coupling
reaction, PhC=CH + PhCH=CHCH,CI + K,CO; —» PhC=
CCH,CH=CHPh + KHCO; + KCJ, is exergonic by 44.5
kcal/mol, which is also thermodynamically very favorable.

Carboxylative Coupling versus Cross Coupling. Figure
7 compares the most favorable pathways calculated for the
carboxylative-coupling and cross-coupling reactions discussed
above. In the figure, we see that the two highest energy species
(TSs_, and TS,_,,) have similar stabilities (14.1 versus 13.8
kcal/mol), indicating that the two pathways are highly
competitive. These results are consistent with the experimental
findings that in general both carboxylative-coupling and cross-
coupling products were observed.

Effects of Temperature and Pressure. From Figure 7, we
can clearly see that the relative height of TSs_, and TS;
determines the reaction selectivity of carboxylative coupling
versus cross coupling. Carboxylative coupling is a three-
component reaction whereas cross coupling is a two-component
reaction. The entropy decrease for the former is more significant
than that for the latter. Therefore, we expect that the effects of
temperature and pressure are more significant for the former
than for the latter.

To examine the temperature and pressure effect quantita-
tively, we evaluated the difference in the relative free energies
between the two relevant transition states TS,_; and TS;_;, in
the respective carboxylative-coupling and cross-coupling
reactions at different temperature and pressure (Table 1).
The results given in Table 1 indeed show that increasing the
pressure and decreasing the temperature increase the energy
difference between transition states TS;_, and TS;_j, in favor
of the carboxylative coupling. Although decreasing the
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Table 1. Relative Free Energies of the Two Competing
Transition States TS;_, and TS;_,, in the Respective
Carboxylative Coupling and Cross-Coupling Reactions
Calculated at Different Temperatures and Pressures®

reaction condition

temperature pressure AAGH{AGH(TS,_ o) — AG*(TS6,7)}
(X) (MPa) (kcal/mol)
298 0.1 -0.3
1.5 1.8
2.0 1.9
333 0.1 —-0.7
1.5 1.1
2.0 1.3
368 0.1 -1.6
1.5 0.3
2.0 0.5

“The energy differences between these two relative free energies are
given in kcal/mol.

temperature can increase the reaction selectivity for carbox-
ylative coupling, at the same time it decreases the reaction rate.
If we assume the Arrhenius equation for the rate constant, then
the rate at 273 K is approximately 64 times slower than that
at 333 K. Equation 1 shows that the reactions studied were
carried out at 333 K for 1 day. We expect that if the reactions
were carried out at 273 K then it would take 64 days for the
reactions to be completed, which is unrealistic. The
experimental condition of 333 K and 1.5 MPa leads to TS¢_,
being 1.1 kcal/mol lower in free energy than TS;_;, (12.4 vs
13.5 kecal/mol), making the carboxylative-coupling product the
major product as observed experimentally.

dx.doi.org/10.1021/cs5011184 | ACS Catal. 2014, 4, 4466—4473
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Figure 7. Energy profiles calculated for the most favorable methods of the carboxylative-coupling and cross-coupling reactions. The free energies are
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B CONCLUSIONS

The detailed mechanisms for carboxylative-coupling reactions
among terminal alkynes, allylic chlorides, and CO, catalyzed by
N-heterocyclic carbene copper(I) complex (IPr)CuCl have
been studied with the aid of DFT calculations. At the same
time, the competing cross-coupling reactions between terminal
alkynes and allylic chlorides have also been investigated. In both
the carboxyltive-coupling and cross-coupling reactions, the first
step is the metathesis of (IPr)CuCl + PhAC=CH — (IPr)Cu—
C=CPh + HC], leading to the formation of copper(I) acetylide
intermediate (IPr)Cu—C=CPh. Our calculation results show
that in this metathesis step, the base (K,CO;) plays an
important role in promoting/facilitating formation of the
copper(I) acetylide intermediate (IPr)Cu—C=CPh.

In carboxylative coupling, CO, insertion into the copper—
acetylide bond of copper(I) acetylide intermediate (IPr)Cu—
C=CPh occurs to give copper(I) carboxylate (IPr)CuOC-
(O)C=CPh. Instead of following the expected mechanism of
oxidative addition of the allylic chloride C—Cl bond followed
by reductive elimination, copper(I) carboxylate reacts with an
allylic chloride molecule, via an Sy2 substitution mode through
a nucleophilic attack of the uncoordinated carboxylate oxygen
on the chloride-bonded carbon of the allylic chloride molecule,
to give the carboxylative-coupling product (carboxylic ester)
and regenerate active species (IPr)CuCl.

In the cross coupling, copper(I) acetylide intermediate
(IPr)Cu—C=CPh directly reacts with the allylic chloride.
The calculations again indicate that the reaction mechanism
does not follow the expected oxidative addition followed by
reductive elimination. Similar to what we found in the carbo-
xylative coupling, the reaction occurs again via an Sy2 sub-
stitution mode through a nucleophilic attack of the acetylide
copper-bonded carbon onto the chloride-bonded carbon of the
allylic chloride molecule to give the cross-coupling product and
regenerate active species (IPr)CuCl.
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Our calculation results show that the Sy2 transition states are
the rate-determining transition states for both the carboxylative-
coupling and cross-coupling reactions. In addition, the two Sy2
transition states show similar stabilities; therefore, the two
reactions are actually competitive.

The carboxylative coupling is a three-component reaction
whereas the cross-coupling reaction is a two-component
reaction. Considering the entropy effect, we deduce that high
pressure and low temperature will benefit the carboxylative
reactions. The calculation results and the experimental obser-
vations support this conclusion.
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