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ABSTRACT: Recently, Dong’s group [Angew. Chem., Int. Ed.
2012, 51, 7567−7571; Angew. Chem., Int. Ed. 2014, 53, 1891−
1895] reported the ligand-controlled selectivity of Rh-
catalyzed intramolecular coupling reaction of alkene-benzocy-
clobutenone: the direct coupling product (i.e., fused-rings) was
formed in the DPPB-ass isted system (DPPB =
PPh2(CH2)4PPh2), while the decarbonylative coupling product
(i.e., spirocycles) was generated in the P(C6F5)3-assited
system. To explain this interesting selectivity, density func-
tional theory (DFT) calculations have been carried out in the
present study. It was found that the direct and decarbonylative couplings experience the same C(acyl)−C(sp2) activation and
alkene insertion steps. The following C−C reductive elimination or β-H elimination−decarbonylation−reductive elimination
leads to the direct or decarbonylative coupling reaction, respectively. The coordination features of different ligands were found to
significantly influence C−C reductive elimination and decarbonylation step. The requisite phosphine dissociation of DPPB ligand
from Rh center for the decarbonylation step is disfavored, and thus, the reductive elimination and direct coupling reaction are
favored therein. By contrast, a free coordination site is available on the Rh center in the P(C6F5)3-assisted system, facilitating the
decarbonylation process together with the generation of related decarbonylative coupling product.
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1. INTRODUCTION

Transition-metal-catalyzed carbon−carbon bond activation/
functionalization are important transformations in organic
synthesis due to their great potential in developing significant
molecular structures.1 Despite carbon−carbon bond activation
being quite challenging, great progress has been gained with the
aid of transition-metal-catalysts.2 For example, C−CN bond
cleavage of nitrile derivatives3 and functional-group-directed
C−C activation4 have been successfully achieved. In addition,
the ring opening process of strained ring compounds also
represents an efficient strategy, which is driven by releasing the
tension of strained rings.5 In this context, the catalytic ring
expansions of four-membered rings (e.g., cyclobuanol,6 cyclo-
butanone7) have attracted intensive attention, because these
transformations contribute to reconstructing novel carbon
frameworks. In 2012, Dong’s group reported a [Rh(COD)-
Cl]2/DPPB-catalyzed (COD = cycloocta-1,5-diene) alkene
carboacylation reaction via carbon−carbon bond cleavage of
alkene-benzocyclobutenone (1) generating the direct coupling
product (2, Scheme 1).8 Interestingly, their other study
revealed that the decarbonylative coupling products (3-a or
3-b) are formed when choosing [Rh(CO)2Cl]2/P(C6F5)3 as
the catalyst.9 Furthermore, the yield of olefin-migrated product
3-b (C3-product) is superior to 3-a (C2-product) for most
substrates (such as cycloheptene-benzocyclobutenone and

cyclooctene-benzocyclobutenone), while 3-a is the main
product for only a few cases (such as cyclododecene-
benzocyclobutenone).
A plausible mechanism has been proposed by Dong et al.8,9

As shown in Figure 1, both the direct and decarbonylative
coupling reactions start with the oxidative addition of the
C(acyl)−C(sp2) bond of alkene-benzocyclobutenone (1). The
formed Rh(III) intermediate A goes through alkene insertion to
produce the metallacycloheptane complex B. From B, two
possible pathways might occur. On one hand, C−C reductive
elimination occurs directly on B and then gives the direct
coupling product 2. On the other hand, B goes through β-H
elimination and decarbonylation with the generation of spiro
complex C, which then undergoes reductive elimination to
form the decarbonylative coupling product 3-a. Besides, the
experimental investigations suggested that C2 (3-a in Scheme
1) and C3 isomers (3-b in Scheme 1) are generated
independently, because olefin isomerization does not occur in
the decarbonylative coupling products.9

Despite of the above proposals, details of the direct and
decarbonylative coupling mechanisms (e.g., the rate-determin-
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ing step, the sequences of β-H elimination, and decarbonylation
step in the decarbonylative coupling mechanism) are still
unclear. In addition, the detailed olefin migration process in the
decarbonylative coupling reaction is barely known. What’s
more important, the origin of ligand-controlled selectivity
remains to be explained. To settle these problems, we studied
the Rh(I)-catalyzed direct and decarbonylative coupling
mechanisms of alkene-benzocyclobutenone by DFT methods.
Our computational results corroborate Dong’s previous
proposals on the overall mechanisms. To be specific, the direct
and decarbonylative coupling mechanisms undergo the same
oxidative addition and alkene insertion steps. Then the
subsequent C−C reductive elimination or β-H elimination-
decarbonylation-reductive elimination leads to the direct or
decarbonylative coupling mechanisms, respectively. To be
noted, intramolecular Rh−H addition−elimination mechanism
(instead of π-allyl pathway10) is responsible for the generation
of olefin-migrated decarbonylative coupling product. Further-

more, bidentate structure of DPPB is the key to facilitate C−C
reductive elimination over competitive decarbonylation step,
because the prerequisite partial dissociation of DPPB from
Rh(III) center (in the decarbonylation step) is highly
disfavored. Therefore, the direct coupling reaction is preferred
for DPPB-assisted system. In contrast, the free coordination site
on the Rh center facilitates the decarbonylation step in the
presence of P(C6F5)3 ligand and, then, leads to the priority of
decarbonylative coupling reaction.

2. COMPUTATIONAL METHODS
All the calculations were conducted with Gaussian 09
software.11 The B3LYP functional12 was used for the gas-
phase geometry optimization of all species. The LANL2DZ
basis set13 was employed for Rh, and the 6-31G(d) basis set
was used for the other atoms (GEN1). At the B3LYP/GEN1
level, frequency analysis was performed to ensure the stationary
point as minimum or transition state. The IRC calculation14

was applied for each transition state to confirm that it connects
the right reactant and product. For the solvent effect, the single-
point calculation on the gas-phase optimized geometry with
SMD solvation model15 (solvent = tetrahydrofuran) was
applied. The single-point calculation was carried out by using
M0616 with GEN2 (i.e., LANL2DZ with additional polarization
function ζ(f) = 1.35017 for Rh, and 6-311+G(d,p) for the rest
of atoms). This M06//B3LYP computational method has been
widely employed in Rh catalytic reactions.18 Solution-phase
single-point energy corrected by gas-phase Gibbs free energy
correction was used for the reported energy in this study.

3. RESULTS AND DISCUSSION
In this study, the coupling reactions of cyclohexene-
benzocyclobutenone (reactant) in the presence of Rh(I)
catalyst and P(C6F5)3 or DPPB ligand were chosen as model
reactions eqs 1 and 2. For P(C6F5)3-assisted system, three types
of products (including prod1-c2, prod1-c3, and prod2) are
obtained and the olefin-migrated spirocycle prod1-c3 is the
major product. While the direct coupling product prod2 is the

Scheme 1. Rh(I)-Catalyzed Intramolecular Coupling Reactions of Alkene-benzocyclobutenone (1)

Figure 1. Proposed mechanisms of Rh(I)-catalyzed intramolecular
coupling reactions of alkene-benzocyclobutenone (1).
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sole product for DPPB-assisted system (Note that prod1-c2,
prod1-c3, and prod2 correspond to the product types of 3-a, 3-
b, and 2 in Scheme 1, respectively).
3.1. Mechanisms with P(C6F5)3 Ligand. In this section,

we first studied the [Rh(CO)2Cl]2/P(C6F5)3 catalyzed direct
coupling mechanism of reactant to prod2. Then decarbon-
ylative coupling mechanisms for the formation of prod1-c2 and
its isomer prod1-c3 were explored.
3.1.1. Direct Coupling Mechanism. Energy profiles of the

direct coupling mechanism of eq 1 are shown in Figure 2 and
the optimized structures of related transition states are shown
in Figure 3.
The catalytic cycle starts with the THF-coordinated catalyst

(PAr3)2RhCl(THF), which dissociates THF to generate active
catalyst (PAr3)2RhCl (i.e., the energetic reference point of eq
1). (PAr3)2RhCl loses one molecule of PAr3 ligand, and
coordinates with benzene group of reactant to form the stable
complex L1-CP0. L1-CP0 then isomerizes to the precursor of

oxidative addition L1-CP1, this step is endergonic by 13.0 kcal/
mol. From L1-CP1, oxidative addition of the C(acyl)−C(sp2)
bond via transition state L1-TS1 produces the C(acyl)−Rh(III)
intermediate L1-CP2 with an energy barrier of +15.4 kcal/mol.
It is noted that alkene does not act as the directing group to
activate the C(acyl)−C(sp2) bond, because the steric effects
between phosphine ligand and cyclohexene make Rh center
locate below the C1−C2−C3−C4 plane (Figure 3).19 From
L1-CP2, isomerization occurs to generate the alkene-
coordinated complex L1-CP3, from which alkene insertion
via L1-TS2 requires an energy barrier of 11.3 kcal/mol (L1-
CP3 → L1-TS2). The subsequent reductive elimination on L1-
CP4 occurs via transition state L1-TS3 to give the product-
coordinated complex L1-CP5. In L1-TS3, the Cl atom locates
adjacent to the phosphine ligand, and the Rh(III) center lies
below the cyclohexane plane (as shown in Figure 3). Finally the
ligand exchange between THF, PAr3 and L1-CP5 delivers the
direct coupling product prod2 and regenerates (PAr3)2RhCl-

Figure 2. Energy profiles of the direct coupling mechanism of eq 1.

Figure 3. Optimized structures of L1-TS1, L1-TS2, and L1-TS3. Bond lengths are given in angstroms. Dihedral angles are shown in degrees.
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(THF). According to Figure 2, reductive elimination (L1-CP4
→ L1-TS3, ΔG⧧ = +23.9 kcal/mol) is the rate-determining
step of direct coupling mechanism of eq 1.
3.1.2. Decarbonylative Coupling Mechanisms. Decarbon-

ylation/β-H Mechanism. For the decarbonylative coupling
mechanism, we examined two possible pathways regarding the
different sequences of decarbonylation and β-H elimination
steps: Decarbonylation/β-H mechanism (decarbonylation
occurs before β-H elimination) and β-H/decarbonylation
mechanism (decarbonylation occurs after β-H elimination).
Herein, we started with decarbonylation/β-H mechanism, in
which the product of alkene insertion (i.e., L1-CP4)
experiences the decarbonylation, β-H elimination and reductive
elimination steps successively. As shown in Figure 4 (blue line),
from L1-CP4, decarbonylation occurs via the three-centered
transition state L1-TS4 and delivers CO-coordinated product
L1-CP6.20 Then CO dissociates from Rh(III) of L1-CP6 to
provide a vacant site for the following β-H elimination step.
The resulting L1-CP7 goes through β-H elimination to
produce spirocyclic intermediate L1-CP8. The β-H elimination
step (L1-CP6 → L1-TS5 → L1-CP8) needs to overcome an
energy barrier of +28.2 kcal/mol and is endergonic by 21.3
kcal/mol. Then a facile C−H reductive elimination occurs to
give product-coordinated complex L1-CP9, which exchanges
with THF and PAr3 to form prod1-c2.
β-H/Decarbonylation Mechanism. We also studied the β-

H/Decarbonylation Mechanism, in which L1-CP4 successively
undergoes β-H elimination, decarbonylation, and reductive
elimination steps (Figure 4, red line). In detail, L1-CP4 goes
through β-H elimination transition state L1-TS7 to generate
acyl-Rh(III)-H intermediate L1-CP10. This step requires an
energy barrier of +12.7 kcal/mol (L1-CP4 → L1-TS7).
Thereafter, decarbonylation occurs on L1-CP10 via L1-TS8
(ΔG = −4.4 kcal/mol) to form the CO-coordinated
intermediate L1-CP11. Then dissociation of CO from L1-
CP11 produces L1-CP8, from which C−H reductive

elimination occurs via the same way as the decarbonylation/
β-H mechanism (L1-CP8 → L1-TS6 → L1-CP9).
According to the above computational results, the rate-

determining step of decarbonylation/β-H mechanism is β-H
elimination step with an overall energy barrier of +28.2 (L1-
CP6 → L1-TS5). By contrast, the rate-determining step of β-
H/decarbonylation mechanism is decarbonylation step, and its
overall energy barrier is +24.2 kcal/mol (L1-CP4 → L1-TS8).
The inferiority of the decarbonylation/β-H mechanism results
from its difficult CO dissociation process. While the facile
decarbonylation from acyl-Rh(III)-H intermediate (i.e., L1-
CP10) makes β-H/decarbonylation mechanism as the more
plausible decarbonylative coupling mechanism.21

3.1.3. Mechanistic Explanation of Olefin Migration. The
above discussions figure out pathways delivering the direct
coupling product prod2 (section 3.1.1) and decarbonylative
coupling product prod1-c2 (section 3.1.2), while the
mechanistic interpretation of olefin-migrated product prod1-
c3 remains unclear. As the possibility for the transformation of
prod1-c2 to prod1-c3 has been ruled out by both experimental
observations and our calculations,22 herein we mainly focus on
other possible pathways for olefin migration.
For transition-metal catalyzed olefin migration, two possible

mechanisms have been examined. As shown in Scheme 2, the
most commonly accepted one is the M−H addition−
elimination mechanism,23 which is initiated by adding the
M−H species to the double bond of olefin. Then the resultant
alkyl−M complex goes through β-H elimination to complete
olefin migration (Scheme 2a). An alternative mechanism
involves the generation of π-allyl intermediate, resulting in
the 1,3-H shift process (Scheme 2b).10 The details of both M−
H addition−elimination and π-allyl mechanisms in the
concerned Rh-catalyzed decarbonylative coupling reaction
were explored. Since the energy barrier of π-allyl mechanism24

is 9.9 kcal/mol higher than that of the Rh−H addition−
elimination mechanism, only the energy profiles of the

Figure 4. Energy profiles of the decarbonylation/β-H mechanism (blue line) and β-H/decarbonylation mechanism (red line) of eq 1.
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preferred Rh−H addition−elimination mechanism are given
here for clarity (Figures 5 and 6).25

Starting from acyl-Rh(III)−H intermediate L1-CP10,
migration insertion via L1-TS9 gives the metallacyclooctane
complex L1-CP12 with 2.9 kcal/mol energy barrier. Thereafter,
L1-CP12 experiences a facile β-H elimination step through L1-
TS10 (ΔG = −16.6 kcal/mol) to produce the olefin-migrated
acyl-Rh(III)−H complex L1-CP13. The following decarbon-
ylation from L1-CP13 via L1-TS11 requires an energy barrier
of 13.5 kcal/mol. The resulting intermediate L1-CP14 then
dissociates CO and undergoes C−H reductive elimination to
give the product-coordinated complex L1-CP15. Herein, it is
interesting to note that the energy barrier for reductive
elimination from L1-CP14 is comparable to that of L1-CP11
(+15.3 vs +13.7 kcal/mol), due to the similar coordination
environment of the rhodium center. Finally, olefin-migrated
product prod1-c3 is generated through ligand exchange
between THF, PAr3 and L1-CP15.
3.1.4. Overview of the Mechanisms of Equation 1. To

further understand the mechanistic differences among these
three products of eq 1 (i.e., prod1-c2, prod1-c3, and prod2),
we concluded the above studied mechanisms in Scheme 3. The
first two steps in the mechanisms of these products are the
same, including oxidative addition and alkene insertion. From
the product of alkene insertion (i.e., seven-membered-ring
rhodacycle) there are different possible pathways. On one hand,

C−C reductive elimination would generate direct coupling
product prod2. On the other hand, β-H elimination could give
acyl-Rh(III)−H complex, which is followed by decarbonylation
and reductive elimination to produce prod1-c2. Besides, olefin
migration (see Figure 5 for details) might occur on the acyl-
Rh(III)−H complex to generate olefin-migrated acyl-Rh(III)−
H complex, and then, prod1-c3 is finally obtained.
Comparing the above three pathways, we found that the rate-

determining steps of both prod1-c2 and prod1-c3 are
decarbonylation step, while the rate-determining step of
prod2 is reductive elimination. The energy barriers of prod1-
c2, prod1-c3, and prod2 are +24.2, +23.5, and +23.9 kcal/mol,
respectively. Considering the uncertainties of computational
methods, we suggested that all these pathways are competitive
for the Rh/P(C6F5)3 catalyst system.

26

3.2. Mechanism with DPPB Ligand. Similar to the
aforementioned discussions on Rh(I)/P(C6F5)3 catalyst system,
we started studying the direct coupling mechanism of Rh/
DPPB-catalyzed coupling reaction of cyclohexene-benzocyclo-
butenone (Figure 7).
First, active catalyst (dppb)RhCl is generated through

dissociating THF molecule from (dppb)RhCl(THF). Then
oxidative addition of C(sp2)−C(acyl) of reactant occurs via
transition state L2-TS1 to give the Rh(III) complex L2-CP1.
The energy barrier of oxidative addition is +21.9 kcal/mol with
releasing 12.2 kcal/mol free energy. Because the following
alkene insertion step requires the coordination of intra-
molecular alkene to Rh(III) center, dissociation of one arm
of DPPB ligand (−PPh2) from Rh(III) center is necessary to
provide a vacant site.27 This partial ligand dissociation process
from L2-CP1 to L2-CP2 is endergonic by 14.6 kcal/mol. From
L2-CP2, alkene insertion via L2-TS2 requires the energy
barrier of +19.9 kcal/mol.28 Then DPPB ligand of the formed
L2-CP3 recovers its bidentate structure to form L2-CP4, from
which reductive elimination via L2-TS3 (ΔG = +12.8 kcal/
mol) generates the direct coupling product prod2. From Figure
7, the rate-determining step of direct coupling mechanism of eq
2 is alkene insertion, and the overall energy barrier is +34.5
kcal/mol (L2-CP1 → L2-TS2).

Scheme 2. Two Possible Mechanisms of Olefin Migration

Figure 5. Energy profiles of intramolecular Rh−H addition−elimination mechanism of eq 1.
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The possibility of decarbonylative coupling mechanism was
also considered. The computational results indicate that L2-
CP3 would undergo decarbonylation transition state L2-TS4 to
complete the β-H/decarbonylation mechanism. Because the
energy of L2-TS4 (ΔG = +20.0 kcal/mol) is higher than that of
L2-TS3 (ΔG = +12.8 kcal/mol), decarbonylative coupling
reaction is unlikely for eq 2. In other words, direct coupling
reaction in generation of prod2 is preferred for DPPB-assisted
system, which agrees with the experiment results.
To be noted, we also investigated the impact of ZnCl2 on the

DPPB-assisted mechanisms. It was found that ZnCl2

significantly promotes the direct coupling reaction, while
hindering the decarbonylative coupling reaction. This is in
accordance with the experimental results that involvement of
ZnCl2 leads to high yields of direct coupling products (please
see the Supporting Information for more details).

3.3. Origin of Selectivity. According to the aforemen-
tioned calculation results, the decarbonylation process (L1-
TS11, ΔG = −5.1 kcal/mol) is slightly favored over C−C
reductive elimination step (L1-TS3, ΔG = −4.7 kcal/mol) in
the P(C6H5)3-assisted system eq 1; therefore, the decarbon-
ylative coupling mechanism is more favored. By contrast,

Figure 6. Optimized structures of transition states involved in Figure 5. Bond lengths are shown in angstroms.

Scheme 3. Three Possible Pathways for Rh(I)/P(C6F5)3-Catalyzed Coupling Reaction of Cyclohexene-benzocyclobutenones
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reductive elimination (L2-TS3, ΔG = +12.8 kcal/mol) is more
likely to happen than decarbonylation process (L2-TS4, ΔG =
+20.0 kcal/mol) in the DPPB-assisted reaction, resulting in the
feasible direct coupling mechanism. Then we made an effort to
understand how different ligands affect the reductive
elimination and decarbonylation step.29

As shown in Scheme 4, both the reductive elimination and
decarbonylation steps involving DPPB ligand are relatively
easier than the related ones with P(C6H5)3 ligand. In details,
the energy barrier of reductive elimination of L2-CP4 (L2-CP4
→ L2-TS3, ΔG⧧ = 18.6 kcal/mol) is 5.3 kcal/mol lower than
that of L1-CP4 (L1-CP4 → L1-TS3, ΔG⧧ = 23.9 kcal/mol),
resulting from the large bite angle of DPPB ligand in reductive
elimination.30 Besides, decarbonyaltion of L2-CP3 (L2-CP3 →
L2-TS4, ΔG⧧ = 9.4 kcal/mol) is more preferred than L1-CP4
(L1-CP4 → L1-TS11, ΔG⧧ = 23.5 kcal/mol), owing to the

smaller steric effects of partial-dissociated DPPB ligand.
However, the ligand dissociation process (L2-CP4 → L2-
CP3) in DPPB-assisted system is requisite to provide a vacant
site for the following decarbonylation process. This ligand
dissociation process involves the distortion of bidentate
structure of DPPB ligand and causes the decrease of electron
density of the Rh(III) center (the NBO charge of Rh varies
from −0.390 to −0.119). Thus, dissociation of DPPB to the
detrimental monodentate coordination mode is highly ender-
gonic by 16.4 kcal/mol, which accordingly increases the energy
barrier of decarbonylation step from 9.4 (L2-CP3 → L2-TS4)
to 25.8 kcal/mol (L2-CP4 → L2-TS4). Consequently,
reductive elimination is superior to decarbonylation process
for DPPB-assisted system, and this promotes the direct
coupling reaction. On the contrary, in P(C6H5)3-assisted
system, the vacant coordination site on Rh center benefits

Figure 7. Energy profiles of Rh(I)/DPPB catalyzed coupling reaction of cyclohexene-benzocyclobutenones.

Scheme 4. Comparison between the Reductive Elimination and Decarbonylation Steps: (a) P(C6H5)3-Assisted System and (b)
DPPB-Assisted Systems

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b00891
ACS Catal. 2015, 5, 4881−4889

4887

http://dx.doi.org/10.1021/acscatal.5b00891


decarbonylation process. Therefore, decarbonylative coupling
reaction is preferred for P(C6H5)3-assisted system.

4. CONCLUSION
Recently, Dong et al. described the intramolecular coupling
reactions of alkene-benzocyclobutenones: the direct coupling
products (i.e., polyfused ring systems) are favored with the
bidentate DPPB ligand, while the decarbonylative coupling
products (i.e., spirocycles) were gained with the monodentate
ligand P(C6F5)3. To explain this ligand-controlled selectivity,
we studied the direct and decarbonylative coupling mechanisms
of cyclohexene-benzocyclobutenone by means of DFT
methods.
The calculation results indicate that direct and decarbon-

ylative coupling mechanisms undergo the same oxidative
addition and alkene insertion steps. Thereafter, the C−C
reductive elimination leads to direct coupling mechanism. On
the other hand, the decarbonylative coupling mechanism
proceeds via the β-H elimination, decarbonylation and C−H
reductive elimination steps (β-H/decarbonylation mechanism).
Herein, the β-H elimination precedes decarbonylation step,
because the dissociation of CO from six-membered-ring
rhodacycle is disfavored when decarbonylation occurs prior to
β-H elimination step. The experimentally observed selectivity
on different products (i.e., polyfused ring or spirocycles) was
well reproduced by the computational results. In addition, the
intramolecular Rh−H addition−elimination pathway is critical
to olefin migration in decarbonylative coupling reaction, and
this accords with the independent generation of C2 and C3
olefin isomers.
On the basis of the above mechanistic details, the origin of

ligand-controlled selectivity has been analyzed. It was found
that ligand-controlled selectivity depends on the relative
feasibility of C−C reductive elimination (in direct coupling
mechanism) and decarbonylation step (in decarbonylative
coupling mechanism). For DPPB-assisted system, decarbon-
ylation step requires the energetically unfavorable partial
dissociation of DPPB ligand, which leads to the advantage of
direct C−C reductive elimination step. Therefore, DPPB-
assisted system facilitates the direct coupling reaction. On the
contrary, the ligand dissociation process is unnecessary for
P(C6F5)3-assisted system, and thus the decarbonylative
coupling reaction is relatively more favorable.
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