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Introduction

Transition-metal-catalyzed cross-coupling reactions are pow-
erful tools for carbon–carbon and carbon–heteroatom bond
formation. The advent of such processes has changed, in a
fundamental sense, the way organic chemists approach syn-
thetic planning, including the total synthesis of highly com-
plex molecules.[1] Many of the most commonly used catalytic
organometallic reactions (e.g., Suzuki, Stille, Negishi) in-
volve the coupling of two functionalized reactants, meaning
that the starting materials are often expensive and, because
the functionalities are lost in the coupling reactions, the
atom economy of the reactions is less than ideal. The recent-
ly developed palladium-catalyzed cross-coupling between an
alkene and an alkyne, the ene–yne coupling (Scheme 1),[2]

has the advantages of perfect atom economy, because no

atoms are lost in the reaction, and of cheap, unfunctional-
ized starting materials.

The intermolecular palladium-catalyzed ene–yne coupling
(Scheme 1) is based on the intramolecular enyne cycloiso-
merization developed by Trost et al.[3] Like the enyne cyclo-ACHTUNGTRENNUNGisomerization, the intermolecular ene–yne coupling is ex-
pected to be catalyzed by a PdII�H species. The postulated
mechanism (Scheme 2)[2] starts with coordination of the
alkyne to a hydridopalladium complex (step 1), and the
alkyne is then inserted into the Pd�H bond (step 2). The
subsequent mechanism is analogous to the well known Heck
reaction.[4,5] Coordination of the alkene to palladium
(step 3) is followed by carbopalladation (step 4). Subsequent
b-hydride elimination (step 5) gives the complex between
the coupling product and palladium, which dissociates into
the product and the active catalyst (step 6). Here, the reac-
tion mechanism is expected to diverge from the Heck mech-
anism because the PdII hydride closes the cycle without the
more common base-assisted reductive elimination. Thus, the
reaction is expected to take place via a PdII cycle without in-
volvement of Pd0.

The ruthenium-catalyzed version of the intramolecular re-
action has been proposed to take place by a different mech-
anism.[6] It is assumed to take place via a Ru0/II catalytic
cycle involving the formation of a ruthenacyclopentene com-
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Scheme 1. General ene–yne reaction
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plex by a [2 +2+1] cycloaddition. However, in the case of
the palladium-catalyzed reaction, the importance of the
PdII�H complex has been verified by an experiment in
which [HPdCl ACHTUNGTRENNUNG(PtBu3)2] was synthesized separately and
shown to be an active catalyst for the ene–yne coupling.[2]

This renders the [2 +2+1] cycloaddition mechanism less
likely in this case because this would involve a Pd0 catalyst
instead of the PdII�H catalyst.

The type of phosphine ligand employed in the reaction
has been found to be crucial for the reaction efficiency.
Only the two bulky, aliphatic phosphines tris(tert-butyl)-
phosphine and CataCXium A [di(1-adamantyl)-n-butylphos-
phine] were found to be efficient out of several investigated
ligands including common aromatic phosphines. DMF was
found to be the best solvent for the reaction, and a high re-
action temperature of 100 8C was typically used. The opti-
mized reaction conditions are given in Scheme 3,[2] yielding
only the double bond isomer shown.

The present DFT study of the ene–yne coupling was per-
formed in order to verify the proposed reaction mechanism
(Scheme 2). Furthermore, we aim to explain the selectivity
of the reaction: why coupling between one alkyne and one
alkene is favored over homocoupling of two alkenes and
over alkyne polymerization. Coupling of the alkene with the

alkyne in reverse order cannot take place owing to the lack
of b hydrogen atoms after the coupling step, which means
that the reaction cannot proceed through b-hydride elimina-
tion. However, alkene homocoupling could in theory take
place, and a conceivable mechanism for this is depicted in
Scheme 4. First, the alkene could coordinate to the hydrido-

palladium complex (step 1a) followed by insertion of the
alkene into the Pd�H bond (step 2a). Subsequent coordina-
tion of a second alkene to the complex (step 3a), followed
by insertion of the second alkene into the Pd�C bond
(step 4a), b-hydride elimination (step 5a), and dissociation
of the homocoupling product (step 6a) would close the cata-
lytic cycle and regenerate the catalyst. Likewise, oligomeri-
zation of the alkyne could take place by a number of con-
secutive alkyne coordination–insertion steps[7] (steps 3b and
4b in Scheme 4), initiated by a hydride addition (R= H).
This alternative cycle could be terminated by coordination
of an alkene and re-entry into the “normal” cycle, forming
heavier products composed of one alkene and at least two
alkyne monomers, or by hydride transfer from another com-
plex followed by reductive elimination to form reduced
alkyne oligomers. An important part of the current study is
to rationalize why these plausible alternatives are less favor-
able than the desired coupling reaction (Scheme 2).

Scheme 2. Postulated catalytic cycle for the Pd-catalyzed coupling be-
tween diphenyl acetylene and N-tert-butyl acrylamide.

Scheme 3. Reaction conditions for the coupling between diphenyl acety-
lene and N-tert-butyl acrylamide.

Scheme 4. Plausible alternative Pd-catalyzed reactions of the substrates.
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Results and Discussion

The catalytic cycle for the title reaction (Scheme 2) has
been thoroughly investigated by DFT methods and com-
pared to the plausible alternatives in Scheme 4. All impor-
tant isomeric forms have been investigated, but only the
most relevant are shown. Acrylamide has been used as a
model for the experimentally employed N-tert-butyl acryl-
amide. All free energies are given relative to the energy of
the assumed resting state of the catalyst, 1 c.

The Pd�H catalyst complexes : Based on the experimental
observation that [HPdClACHTUNGTRENNUNG(PtBu3)2]

[8] is an excellent catalyst
for the title reaction,[2] and earlier studies of PdII�alkyne co-
ordination,[9] the reaction is assumed to take place through a
neutral catalytic cycle, with one chloride ligand coordinating
to palladium at all times. The energy of the different possi-
ble [LnPd(H)Cl] complexes has been evaluated, in which L
can be either PtBu3 or a solvent molecule (DMF). For the
tricoordinated complexes there are three different isomeric
complexes. For the different ligand combinations, the isomer
of lowest free energy as well as the assumed active catalyst
is shown in Scheme 5.

For steric reasons only one complex with two phosphine
ligands is possible, namely, 1 d (Scheme 5) in which the
bulky ligands are positioned trans to each other. As can be
seen from Scheme 5, the coordination of a second phosphine
ligand to 1 a forming 1 d is endergonic by 28 kJ mol�1. This
energy difference might, however, be exaggerated, due to
the method of computing the solution phase free energies,
as discussed in the methods section. Because we cannot at
this time be certain of the magnitude of this specific system-
atic error, we cannot exclude the possibility that 1 d is in
fact the resting state of the catalyst. Excluding entropic and
solvation contributions, that is, comparing only the enthal-
pies, 1 d is favored, as evidenced also by the fact that this is
the preferred form in the crystal phase.[8] However, even if
1 d is favored also in solution, it does not have an empty co-
ordination site and must dissociate a phosphine to form 1 a
before catalysis can take place.

The active catalyst complex 1 a has a distorted T shape
(almost a Y shape) due to the steric repulsion from the

phosphine and the electronic repulsion from the hydride.
Because the chloride is site labile,[10] the chloride in 1 a is ex-
pected to easily switch position and to be in rapid equilibri-
um with the slightly more stable 1 c in which the empty co-
ordination site is trans to the very strongly trans-influenc-
ing[11] hydride. This complex is in itself not a catalyst be-
cause the bulky phosphine ligand in the cis position to the
vacant site on palladium renders coordination of the alkyne
impossible, and because the alkyne and the hydrogen must
be positioned cis to each other for hydropalladation to
occur. Complex 1 c is expected to first pay the energy penal-
ty of switching the position of chloride to form 1 a before
the alkyne coordination can take place. Substitution of the
phosphine ligand with a solvent molecule (1 b) is associated
with an energy penalty of 98 kJ mol�1 (compare 1 b and c).
Thus, it is likely that one equivalent of the phosphine ligand
is necessary to stabilize the “free catalyst”.

Alkyne coordination and hydropalladation (steps 1 and 2):
Despite the observation that the solvato complex 1 b is
87 kJ mol�1 higher in energy than 1 a, the reactions from
both these complexes have been investigated because 1 b is
substantially less encumbered than 1 a. The energy differ-
ence between the two paths does indeed decrease to
18 kJ mol�1 upon alkyne coordination (2 a vs. 2 b, Figure 1),

as a result both of the steric bulk and of the trans influence
of the phosphine. At the hydropalladation transition state,
the phosphine-coordinated transition state (TS) 3 a is fa-
vored by only 6 kJ mol�1 compared to the solvent-complexed
TS 3 b. This corresponds to a rate difference of less than an
order of magnitude at the standard state (1 m of all species),
and because the relative concentrations of phosphine and
DMF differ by more than an order of magnitude, it is cer-

Scheme 5. Free energies of different [LnPd(H)Cl] complexes. Complex
1a is expected to be the active catalyst. The free energies of DMF and
PtBu3 as solvated, free ligands have been calculated in addition to the
free energies of the shown complexes. When comparing the free energies
of the different complexes we consider the equilibrium: 1a +DMF+

PtBu3Ð1b+2PtBu3Ð1c +DMF +PtBu3Ð1 d+DMF.

Figure 1. Free-energy profile for the hydropalladation of diphenyl acety-
lene (step 2).
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tainly possible that a significant proportion of the reactions
follow paths in which the ligand has been fully dissociated.
This is in line with our earlier suggestions of low-ligated
states in Pd-catalyzed reactions,[12] and also with recent ex-
perimental studies by Hartwig and co-workers.[13]

The solvato complex 2 b and TS 3 b prefer a geometry in
which the small, weak DMF ligand is cis to the alkyne and
trans to the very strongly influencing hydride ligand. The al-
ternative geometry (not shown) is higher in energy. The sit-
uation is inverted for the bulky, strong phosphine. Steric fac-
tors favor a geometry in which the phosphine is trans to the
second most bulky ligand, the alkyne. Electronically, the
phosphine has a stronger trans influence than chloride, and
therefore prefers a position cis to the hydride. The barrier
for the hydropalladation step is quite high, 134 kJ mol�1, in
accordance with a reaction temperature of 100 8C. Even so,
the calculated barrier is likely to be exaggerated by the sys-
tematic errors discussed in the methods section, in particular
by the problematic description of nonbonded interactions[14]

that lead to exaggerated repulsion with the bulky tert-butyl
groups. As discussed earlier, we can speculate that 1 d is in
fact the low-energy point, even though it is not formally
within the catalytic cycle but must dissociate a phosphine in
order to react. It is interesting to note that in a comparison
of 3 a with 1 d, we replace a bulky ligand with a bulky sub-
strate, and therefore would expect a partial cancellation of
systematic errors in nonbonded interactions. For this com-
parison, the barrier is more modest, approximately
95 kJ mol�1. Also note that the title reaction runs efficiently
at 20 8C (87 % yield) when the [HPdCl ACHTUNGTRENNUNG(PtBu3)2] complex is
added to the reaction mixture instead of being prepared in
situ.[2]

The insertion products 4 are tricoordinated T-shaped com-
plexes. These types of complexes are common intermediates
in catalytic cycles.[15] Only the insertion product complexes
that can be directly reached from the lowest energy transi-
tion states are shown in Figure 1. Owing to repulsive trans
interactions between chloride and the vinyl ligand in 4 b, the
isomeric complex in which chloride and DMF have switched
positions is 48 kJ mol�1 lower in energy (see 4 f in the Sup-
porting Information). Complex 4 a can rearrange to have the
vinyl group in a distorted cis position relative to the phos-
phine, yielding a complex that is 12 kJ mol�1 lower in energy
(4 c in the Supporting Information).

Cross-coupling (steps 3 and 4): For cross-coupling to occur,
the alkene has to coordinate to the hydropalladation prod-
uct complexes 4 (Figure 1). Owing to steric crowding in the
formed Pd�p-alkene complexes 5 (Figure 2), it is no longer
advantageous to have a phosphine ligand coordinating to
palladium. In the real complexes this tendency should be
even more pronounced owing to the steric demands of the
amide tert-butyl group, which has been excluded from this
model study.

Attempts to optimize the complex with a phosphine
ligand in the trans position to the alkene always led to in
silico dissociation of the alkene from the complex. It is

therefore assumed that the alkene cannot coordinate trans
to the phosphine, owing to the high trans influence of the
latter. This effect would be even more important in the tran-
sition state and in the product complex, in which a Pd�C s-
bond would be formed trans to the destabilizing phosphine
ligand. Complex 5 a with the phosphine ligand cis to the
alkene is disfavored by 83 kJ mol�1 compared to complex 5 e
with no phosphine ligand. Even the coordination of a sol-
vent molecule (5 b) to this complex has an energy cost of
29 kJ mol�1. The cross-coupling from complex 5 e through
transition state 6 e has an energy barrier of 55 kJ mol�1. Be-
cause the barrier from 5 e is lower than the energy of com-
plex 5 a itself, the latter can be excluded from further con-
sideration, even when accounting for expected systematic
errors in the comparison. In the transition state 6 e the chlo-
ride has switched position to avoid the trans influence from
the forming Pd�C bond. In the cross-coupling product 7 e an
intramolecular Pd�p-alkene coordination is more favorable
than having external ligands coordinating to palladium.

b-Hydride elimination (step 5): For b-hydride elimination to
take place the stable cross-coupling product 7 e has to rear-
range to an agostic complex 8 from which a b-hydrogen can
be eliminated.

The agostic complexes with and without a phosphine
ligand (8 a and 8 e respectively, Figure 3) are isoergic. In
contrast, there is a decisive energy difference of 45 kJ mol�1

between having a phosphine ligand present and having a
vacant coordination site in the transition state (9 a and 9 e,

Figure 2. Free-energy profile for the cross-coupling between acrylamide
and diphenyl acetylene (step 4).
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respectively). This can be explained by the destabilizing
effect that the phosphine ligand has on the trans Pd�C
bond, making this bond easier to break.[16] The phosphine-
induced lowering of the barrier for the b-hydride elimina-
tion may be one reason why the phosphine ligand was found
to be essential for the reaction. On the other hand, the two
preceding transition states (3 b
and 6 e) are higher in energy
than the b-elimination transi-
tion state 9 e without a phos-
phine ligand by 26 kJ mol�1 and
10 kJ mol�1, respectively, so b-
elimination should be able to
take place even in the absence
of phosphine ligands. The
lowest energy b-hydride elimi-
nation transition state for the
formation of the Z alkene 9 az

(Figure 4) is 26 kJ mol�1 higher
in energy than transition state
9 a, explaining why only the E
alkene is formed in the reac-
tion.

Full reaction path : Figure 1
shows the lowest energy reac-
tion path for the full ene–yne
coupling reaction. The phos-
phine ligand is stabilizing the
hydridopalladium complexes 1 a
and 2 a, and it is lowering the
energy of the hydropalladation
transition state 3 a by 6 kJ mol�1

compared to the transition state
3 b in which a solvent molecule
is coordinating to palladium
(Figure 1). In the PdII�p-alkene
complex 5 e it is no longer fa-

vorable to have a phosphine ligand coordinating to palladi-
um, and the subsequent cross-coupling reaction through
transition state 6 e takes place without any phosphine assis-
tance. This leads to the stable complex 7 e with an intramo-
lecular Pd�p-alkene coordination. Rearrangement of this
complex to the agostic complex 8 e has to occur before fur-
ther reaction can take place. Coordination of a phosphine
molecule trans to the Pd�C bond in the agostic complex 8 a
weakens the Pd�C bond and makes it more easily breakable
in the b-hydride elimination (transition state 9 a). The reac-
tion leads to formation of the E alkene A. In Figure 4 the Z
alkene product and the b-hydride elimination transition
state for its formation are shown in grey. It appears that the
E alkene is both the thermodynamically (A is 36 kJ mol�1

lower in energy than B) and the kinetically favored product
(9 a is 26 kJ mol�1 lower in energy than 9 az, as expected
from the steric repulsion between the substituents of the
forming bond). From the free-energy profile, the hydropalla-
dation step is expected to be rate determining. This might
explain the importance of the phosphine ligand, because the
phosphine ligand lowers the barrier for this step.

Alkene homocoupling : To understand why alkene homocou-
pling has not been observed, the essential parts of the po-
tential homocoupling reaction (steps 2a–4a, Scheme 4) have

Figure 3. Free-energy profile for the b-hydride elimination (step 5).

Figure 4. Free-energy profile for the full ene–yne coupling reaction.
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been evaluated and compared to the reaction path for the
ene–yne coupling described above. Figure 5 shows the inter-
mediates and transition states involved in the acrylamide hy-

dropalladation and homocoupling steps (black) superim-
posed on the reaction path for the ene–yne coupling (grey).
Two regioisomeric insertions are possible in acrylamide and
both have been evaluated, but only the more favorable path
is shown.

As can be seen from Figure 5 alkene insertion can easily
take place, and the transition state for this transformation
(12 a) is even favored over the alkyne insertion by
46 kJ mol�1. The product complex 13 a has a distorted T
shape due to both steric and electronic repulsion between
the alkyl group and the phosphine ligand.

The coordination of a second alkene molecule is ender-
gonic by 28 kJ mol�1 (14 e), and the alkene homocoupling
(15 e) has a barrier of 100 kJ mol�1, which means that it is
disfavored by 72 kJ mol�1 compared to the cross-coupling on
the alternative reaction path. The involvement of a phos-
phine ligand in the homocoupling step can be ruled out, be-
cause coordination of a phosphine ligand to the Pd–p-
alkene complex is 90 kJ mol�1 endergonic (see complex 14 a
in the Supporting Information) which means that the energy
of the complex itself is almost as high as the transition state
energy for the homocoupling without a phosphine ligand.
Furthermore, from visual inspection of the complex it is
clear that phosphine ligation would lead to an extremely
crowded coupling transition state. Product 16 e from the
alkene homocoupling is a low-energy intermediate, with two
intramolecular coordinations between the amide nitrogens

and palladium. However, the reaction barrier is very high,
56 kJ mol�1 higher than the rate-limiting transition state for
the ene–yne coupling (the hydropalladation transition state
3 a, Figure 4). Thus alkene homocoupling cannot compete
with the ene–yne reaction.

A closer look at the transition state structures for alkene–
alkyne cross-coupling (Figure 6 a) and for the alkene homo-
coupling (Figure 6 b) helps to explain the large difference in

barriers of the two coupling reactions. In the alkene–alkyne
cross-coupling transition state 6 e an sp2 carbon is migrating,
whereas it is an sp3 carbon in the homocoupling transition
state 15 e. In general, sp2 carbons are more efficient in mi-
grations, because the p face can provide some overlap to
support formation of the new bond. In addition, the tetrahe-
dral shape of the sp3 carbon introduces a high degree of re-
pulsive steric interactions in the transition state, as opposed
to the planar sp2 carbon. In Figure 6 the close unfavorable
contacts between hydrogen atoms from the two coupling
partners are shown. In the homocoupling transition state
15 e two hydrogen atoms are only 2.26 � apart, which is
closer than the sum of their van der Waals radii (rW =1.20 �
for hydrogen). The absence of homocoupling can therefore
be ascribed to unfavorable steric interactions in the transi-
tion state, coupled with the lower migratory power of sp3

carbons.

Alkyne polymerization : The absence of alkyne polymeri-
zation was assumed to arise either from an endergonic, re-
versible polymerization reaction, or from a high reaction
barrier of the alkyne homocoupling step. An initial investi-
gation of reactant and product stabilities proved the alkyne
homocoupling to be exergonic by 88 kJ mol�1 (compare 17 e
and 19 e, Figure 7). However, the relative barriers clearly
show that in the carbopalladation step, the alkyne cannot
compete with the alkene; the difference is 22 kJ mol�1 (com-
pare 18 e and 6 e, Figure 7). An energy difference this high

Figure 5. Acrylamide hydropalladation and homocoupling (black) super-
imposed on the ene–yne reaction path (grey).

Figure 6. a) Cross-coupling transition state 6 e between the alkyne and
the alkene; b) Alkene homocoupling transition state 15e. Distances for
close unfavorable contacts are shown (green: Cl, blue: N, red: O, dark
grey: Pd, light grey: C, white: H).
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will lead to complete selectivity for the cross-coupling reac-
tion, in accordance with experimental observations. Reac-
tion selectivities can frequently be rationalized in terms of
Bell–Evans–Polanyi theory,[17] but in this case the relation-
ship clearly does not apply because the alkyne homocou-
pling is more exergonic than the alkyne–alkene coupling. In-
stead, the source of the selectivity must be found in the
polar nature of the transition state. The reaction can be
viewed at least partially as a nucleophilic addition to an un-
saturated system. Compared to the nonpolar alkyne, the po-
larized Michael acceptor is, of course, better able to react
with an incoming nucleophile.

Conclusion

In a qualitative sense, the current DFT investigation has va-
lidated the proposed mechanism of the title reaction.[2] The
hydropalladation step is found to be rate limiting. However,
the alkene substrate undergoes facile and reversible hydro-
palladation, and would be expected to undergo fast hydro-
gen exchange under the reaction conditions. What stops the
alkene insertion product from competing in the coupling is
the subsequent carbopalladation step.

The role of the tris(tert-butyl)phosphine ligand yielded
some surprises. The phosphine must dissociate to enable the
carbopalladation step, but will then reassociate to enable
the b-hydride elimination. The phosphine ligand is also es-
sential for the stability of the active catalyst, PdII�hydride
1 a. In the hydropalladation step, the phosphine appears to
be optional: barriers with and without coordinated phos-
phine are similar, but when considering standard state cor-
rections, a path without coordinating phosphine may be fa-
vored.

The absence of alkene homocoupling can be explained by
an extremely high barrier for the coupling step (step 4a,
Scheme 4). This arises from steric repulsions between the
two coupling partners in the transition state and the sp3

character of the migrating carbon. Likewise, the transition
state for alkyne–alkyne coupling in a potential polymeri-
zation reaction is energetically unfavorable compared to the
transition state for the ene–yne cross-coupling. This explains
why these undesired side reactions are not observed.

Computational Methods

All calculations have been performed in Jaguar[18] with the B3LYP hybrid
functional[19] and the basis set LACVP**.[20] Previous studies on the Heck
reaction show that it is important to include both entropy and solvation
energies when evaluating a reaction path and not merely to use the po-
tential energy surface.[21] Thus, this approach has been used in the present
study of the closely related ene–yne coupling as well. The complexes
have been optimized in the gas phase and the entropic contribution has
been computed from a vibrational analysis at 373.15 K by using the ana-
lytic Hessian. The number of negative eigenvalues from the vibrational
analysis (zero or one for minima and transition states, respectively) was
used to validate the nature of all stationary points. The solution-phase
potential energies were obtained by single-point calculations on the gas-
phase structure. The solvent was modeled by Jaguar�s Poisson–Boltzmann
solver[22] with parameters describing DMF (dielectricity constant:
epsout =38; probe radius: radprb=2.47982). Solution-phase Gibbs free
energies were estimated by adding the gas-phase thermodynamic contri-
bution to the single-point solution phase energy. This procedure will lead
to overestimated entropic contributions. The entropy in solution should
be substantially lower than what it is in gas-phase,[23] and the harmonic
approximation will overestimate the influence of low-frequency vibra-
tions.[24] In addition, the B3LYP method is known to be over repulsive.[14]

Because only relative energies are used to draw conclusions, most of
these systematic errors will cancel. The most important exception is com-
parisons with different molecularity, in which the current methodology
would be expected to overestimate the energy penalty for association,
possibly by more than 20 kJ mol�1. To enable comparison of complexes
containing different ligands, the free energies of all the possible ligands
(present in the reaction mixture) have been calculated. By adding the
free energy of the solvated ligands that are not part of a given complex
to the free energy of that complex all the different complexes can be
compared.

Prior to the DFT study of the reaction path a MCMM[25] conformational
search of the acryl amide was performed in MacroModel.[26] The lowest
energy conformation (s-cis) was used when building the different PdII�p-
alkene complexes used as starting points for the subsequent DFT calcula-
tions.
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