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Introduction

Olefin metathesis is used widely for the construction of
carbon-carbon double bonds and has extensive applica-
tions in organic and polymer synthesis,' as well as materi-
als chemistry.? Asymmetric metathesis provides an attrac-
tive methodology for synthesizing enantiopure molecules,
and significant efforts have been directed toward the de-
velopment of enantioselective catalysts.’ Asymmetric ring-
opening cross-metathesis (AROCM) (Scheme 1) has been
employed as the key step in several total syntheses, afford-
ing the desired product in excellent enantiomeric excess
(ee).*’ Applications of AROCM have also been pursued
in the synthesis of biologically relevant molecules.® Im-
parting chirality from the catalyst to the substrate is chal-
lenging, and has been the focus of catalyst design for this

purpose.’
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Scheme 1. Asymmetric Ring-Opening Metathesis.

Early studies in AROCM focused on molybdenum-based
metathesis catalysts, which displayed good selectivity for
the reaction of substituted norbornenes with styrene.® The
enantioselectivities of the molybdenum complexes were
substrate dependent, but generally high (>80% ee).”!°
While AROCM usually yields E-olefin products, steri-
cally hindered stereogenic-at-molybdenum catalysts were
shown to give excellent Z-selectivity, currently unique se-
lectivity to molybdenum catalysts.!" Ruthenium catalysts
were explored owing to their stability to air and moisture,
a feature that enables them to be easily handled.”? Com-
parison studies showed chiral ruthenium complexes to be
comparable, and sometimes superior, to chiral molybde-
num catalysts in their enantioselectivity, and the preferred
metal was found to be dependent on the particular reaction
and substrate."

Chirality has been built into ruthenium complexes primar-
ily in the N-heterocyclic carbene (NHC) backbone (see 1,
Fig. 1)." Hoveyda and coworkers improved the enantiose-
lectivity of ruthenium catalysts through the synthesis of
an N-binaphthol NHC with the hydroxyl group chelating
to the ruthenium metal (2, Fig. 1); however, the catalytic
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Fig. 1. Ruthenium catalysts reported in AROCM.

activity was decreased.'>'¢ The enhanced selectivity of this
complex is likely due to the closer proximity of the chiral
ligand to the reaction centre, where it can impart a stron-
ger influence on the stereochemistry of the transition state.
Recently, Blechert and coworkers reported the synthesis
of a chiral mono-substituted NHC backbone that achieved
high enantioselectivity while maintaining activity during
AROCM of various functionalized norbornenes (3, Fig.
1).!” The NHC backbone substituent, an isopropyl group,
was proposed to induce the N-aryl ring to twist, creating
the desired chiral environment. This is analogous to the
mechanism by which the chiral diphenyl NHC backbone
catalysts, such as 1, are believed to impart chirality.14
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Scheme 2. Side products of AROCM catalyzed by molybdenum complexes.

To the best of our knowledge, there are no detailed inves-
tigations of any side products produced during AROCM
catalyzed by ruthenium complexes. Schrock and cowork-
ers have disclosed a discussion of possible side products,
including the observation of such products, albeit in low
yield, for molybdenum catalysts (Scheme 2).8° In addition
to product 5, molybdenum catalysts were noted to give
ring-opened products 6 and 8, as well as homometathesis
product 7 in some cases. The authors detail the mechanism
leading to the desired 5 and undesired products (6 and 8),
which has significance for ultimate enantioselectivity, as
well as providing information regarding the propagat-
ing metal species (alkylidene vs methylidene).” Product
8 requires ring-opening by a methylidene species. After
ring-opening of 4 by a molybdenum methylidene moiety,
the styrene cross-partner can react to form either a 2,3- or
2,4-metallacycle to give the major product 5 or product 8,
respectively. However, it is noted that, presuming the cata-
lyst methylidene species has the same facial selectivity as
the catalyst alkylidene species, the cross-metathesis reac-
tion with styrene and the methylidene-opened substrate
will lead to the opposite enantiomer from that provided
by ring-opening with the alkylidene species.” This infor-
mation is valuable for gaining insight into catalyst behav-
iour, including preference for alkylidene vs methylidene
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propagation and formation of a 2,4- vs 2,3-metallacycle.
These catalyst attributes are essential to its applications in
metathesis reactions.

Herein, we discuss mechanistic studies of chiral N-aryl,
N-alkyl NHC ruthenium catalysts in AROCM. The forma-
tion of AROCM side products resulting from metathesis
reactions of propagating ruthenium methylidene species
was observed. The reaction pathways are discussed, as
well as the enantioselectivity of the chiral N-aryl, N-alkyl
NHC complexes studied. Some of the complexes investi-
gated appeared to exhibit unusual preference for methyli-
dene propagation compared to standard second generation
ruthenium catalysts. Evidence suggests that these N-aryl,
N-alkyl NHC ruthenium catalysts proceed through both a
2,4-metallacycle and a 2,3-metallacycle during AROCM,
accounting for the observed product ratios and distribu-
tion. This catalyst behaviour has significant implications
for catalyst design and targeted application, as methyli-
dene propagation and metallacycle orientation directly de-
termine product outcome, and can be utilized accordingly.

Results and Discussion

We designed ruthenium catalysts bearing an N-aryl, chiral
N-alkyl NHC, with the goal of bringing ligand chirality in
close proximity to the metal centre for increased enantiose-
lectivity during asymmetric metathesis reactions. Since N-
alkyl, N-alkyl NHC ruthenium catalysts are reported to be
less active than N-aryl, N-aryl NHC catalysts,'® we chose
to synthesize N-aryl, N-alkyl catalysts to ideally maintain
good activity while achieving better selectivity.”” NHC
salts 9-14 (Fig. 2) were synthesized in an analogous pro-
cedure to that outlined by Kotschy and coworkers.?® The
NHC salts were subsequently metallated as previously re-
ported in the literature to give complexes 15-20 (Fig. 2).2!

Complex 15 was initially screened for AROCM, since we
anticipated that the large differential in the steric demands
of the substituents at the chiral carbon (naphthyl vs methyl
vs H) would provide for a highly enantioselective reaction.
Substrate cis-5-norbornene-endo-2,3-dicarboxylic anhy-
dride (21) was reacted with 10 equivalents of styrene to
yield product A in 69% ee over its enantiomer B (Scheme
3) after 2 hours at room temperature (99% conversion). In-
terestingly, side products C and D were also observed as 17
and 10% of the product mixture, respectively. Therefore,
subsequent experiments were directed toward elucidating
the pathway to the formation of these two side products.
No polymer or homometathesis product was observed in
the reaction mixture, although stilbene was formed from
the cross-metathesis of styrene. The products all had trans
stereochemistry, with no detectable cis isomers.

Formation of product C could result from the cross-me-
tathesis reaction proceeding via a 2,3-metallacycle, and/or
by secondary metathesis of products A and B with sty-
rene. Breakdown of the 2,3-metallacycle to yield product
C generates a ruthenium methylidene species, whereas re-
action via a 2,4-metallacycle to afford the major products
A and B gives a ruthenium alkylidene species (Scheme 4).
Secondary metathesis of products A and B with styrene,
reacting via a 2,3-metallacycle, also generates a ruthenium
methylidene species (Scheme 5). Accordingly, formation
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Fig. 2. NHC salts and catalysts synthesized.

of product C results in production of a ruthenium methyli-
dene species, regardless of which pathway is taken.

Reaction kinetics can be used to determine the likely
pathway through which the catalyst proceeds to generate
product C. If formation of product C is solely the result
of secondary metathesis, then the ratio of product C rela-
tive to products A and B would be expected to depend on
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Scheme 3. AROCM catalyzed by ruthenium complexes:
observation of side products.

conversion. This would be an indication of the production
of C depending on the concentration of A and B in the re-
action. With increasing concentration of A and B (through
conversion of substrate), the relative amount of C would
be expected to increase. Thus, a graph of the ratio of C
relative to A and B as a function of conversion should have
an upward slope if secondary metathesis were the primary
mechanism. However, if formation of C were the result of
the catalyst proceeding through a 2,3-metallacycle, then
the ratio of C relative to A and B would be expected to be
constant, reflecting the inherent preference of the catalyst
for a 2,4-metallacycle vs a 2,3-metallacycle. Thus, plotted
as a function of conversion, the ratio of product C relative
to products A and B should be a horizontal line.
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Scheme 5. Mechanism for the formation of product C
via secondary metathesis.

Accessing product D requires ring-opening of 21 by a
ruthenium methylidene species to generate the first ter-
minal olefin, followed by reaction with styrene through
a 24-metallacycle to give the second terminal olefin
(Scheme 6). Product D could be formed by the ethenolysis
of products A and B, although this mechanism of forma-
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Scheme 4. Mechanism for the formation of product C via a 2,3-metallacycle.
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Scheme 6. Formation of product D: ring-opening of 21 via a ruthenium methylidene species.

tion is highly unlikely, considering the low concentration
of ethylene in solution. If product D were made by the
ethenolysis of A and B, then the ratio of D relative to prod-
ucts A and B would be expected to be dependent on the
concentration of ethylene in solution. If the ratio of D rela-
tive to A and B is independent of ethylene concentration,
then presumably D is formed by ring-opening of 21 with a
ruthenium methylidene species.

Kinetic studies were carried out with catalyst 15 (Fig. 2) to
elucidate the pathways to products C and D. The ratio of
product C relative to products A and B was followed with
conversion by proton NMR and is shown in Fig. 3. This
ratio is constant (0.16:1.0) up to complete consumption of
substrate 21, indicating that product C is formed as a result
of formation and breakdown of the 2,3-metallacycle. After
complete conversion of substrate 21, the ratio of product
C relative to products A and B increases, indicating that
secondary metathesis is occurring, but primarily only af-
ter 21 has completely reacted. Hence, during the reaction
product C is formed as a result of the catalyst proceeding
via a 2,3-metallacycle, and after the reaction is complete,
secondary metathesis of products A and B generates more
product C (Fig. 3).
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Fig. 3. Ratio of product C relative to products A and B as a func-
tion of conversion catalyzed by 15.

The ratio of product D relative to products A and B was
constant as a function of conversion (Fig. 4), suggesting
ring-opening of 21 by a methylidene species, followed by
reaction of styrene through a 2,4-metallacycle. No depen-
dence was observed on the concentration of ethylene in
solution, indicating that ethenolysis of products A and B
is not a major contributing pathway to the formation of
compound D. Therefore, the production of D indicates
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propagation of a ruthenium methylidene species. This ru-
thenium methylidene species can be generated by several
reactions, including self-metathesis of styrene and forma-
tion of product C.
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Fig. 4. Ratio of product D relative to products A and B as a func-
tion of conversion catalyzed by 15.

Complexes 16-20 (Fig. 2) were also screened to determine
their enantioselectivity and to see if they afforded products
C and D in addition to products A and B. The reactions
were monitored by NMR to determine when they were
complete. The mixtures were worked-up immediately to
prevent any secondary metathesis from potentially eroding
or enhancing the ee of the products. As discussed, complex
15 gave good enantioselectivity at 69% ee of A (Table 1,
entry 1). Interestingly, 16 gave 14% ee of the opposite en-
antiomer B, despite having the same stereochemistry as
15 (both S configuration). The most plausible explanation
is that 16 is less enantioselective than 15; additionally,
the ring-opening of 21 by the methylidene species of 16,
followed by formation of the 2,3-metallcycle, occurs at a
high enough frequency to ultimately favour enantiomer B.
Since the methylidene species presumably has the same
facial selectivity as the alkylidene species (leading to the
formation of the opposite enantiomer of product), (S)-16
could afford B as the major enantiomer (Table 1, entry 2),
compared to enantiomer A yielded by (S5)-15. Complex 17
also gave B in 9% ee, probably for the aforementioned rea-
sons (Table 1, entry 3). While the different structural fea-
tures of the chiral N-alkyl groups of the same stereochemi-
cal configuration could spatially alter which enantiomer
they select for, complexes 15-17 seem similar enough to
render this unlikely to be the cause of the difference in the
preferred enantiomer.

By comparison to 15, catalyst 18 showed only moderate
enantioselectivity, affording product A in 33% ee (Table
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Table 1. Enantioselectivity of catalysts 15-19 in AROCM of sub-
strate 21.

the different catalysts. Complex 19 gave an unusually high
ratio of product D relative to A and B (0.43:1), suggesting
that this complex has a high propensity to propagate via a

Time Conv. Yield . .
Entry* | Catalyst (h) %) ©y | € (%) | methylidene species (Table 3, entry 5).
1 15 55 60 60 69 (A) Table 3. The amount of side products C and D formed by differ-
2 16 05 99 9 14(B) ent catalysts.
3 17 0.5 » & o (B) Entry | Catalyst T(ILT;e (E((,;n)\,: %C* %D?
4 18 55 98 65 33 (A) 0
1 15 1.0 99 16 12
5¢ 19 10.5 98 54 82 (A)
2 16 0.5 99 15 19
“Catalyst loading of 2 mol%; [21]: 0.2 M in dichloromethanei T: 3 17 0.25 99 14 23
22 °C. *Conversion determined by 'H NMR spectroscopy using 4 18 T % 0 18
disappearance of 21. <Isolated yield. “Enantiomeric excess deter- :
mined by chiral HPLC. ¢Catalyst loading of 3 mol%. 5 19 6.0 82 8 43
6 20 0.5 99 17 18

1, entry 4). Complex 19 showed the highest selectivity at
82% ee of A, comparable to the best ruthenium catalysts
reported to date for this particular substrate (Table 1, entry
5). Although complex 19 (R configuration) yields the same
enantiomer as complex 15 (S configuration), we believe
the N-alkyl structures are unique enough that a direct com-
parison between these catalysts cannot be made. Com-
plex 19 was significantly slower than the other catalysts
screened, but showed no signs of decomposition through-
out the reaction. Only the frans products were observed in
all cases.

The effect of temperature on enantiomeric excess for
AROCM catalyzed by 15 was studied and, as expected, the
ee increased with decreasing temperature and decreased
with increasing temperature (Table 2). Complex 15 gave
up to 72% ee of A at 0 °C, and afforded only 42% ee of A
at 60 °C. The reaction was also noticeably slower at lower
temperatures, reaching only 50% conversion after 4 hours
at 0 °C, compared to 99% conversion at 50 °C in 3.5 hours.

Table 2. Effect of temperature on the enantioselectivity of 15.

Entry* Time (h) | Temp (°C) ((:%Z ee (%)"
1 4.0 0 50 72
2 7.0 22 99 69
3 35 40 99 51
4 35 50 99 50
5 35 60 99 42

“Catalyst loading of 2.5 mol%; T: 22 °C; [21]: 0.1 M in dichlo-
romethane. *Conversion determined by 'H NMR spectroscopy.
‘Enantiomeric excess was determined by chiral HPLC.

Complexes 16-20 also gave side products C and D dur-
ing the AROCM of 21 (Table 3). Since complex 20 is ra-
cemic, its product distribution should not be affected by
any potential enantiospecificity of a reaction step. With the
exception of complex 19, the catalysts generated approxi-
mately the same amount of product C relative to major
products A/B, indicating that the inherent preference for a
2,4-metallacycle vs a 2,3-metallacycle is similar for these
N-aryl, N-alkyl NHC catalysts. Complex 19, however, pro-
ceeds almost exclusively by a 2,4-metallacyle, as shown
by its low ratio of C to A and B (0.08:1). The ratio of prod-
uct D relative to products A and B varied significantly for

“Catalyst loading of 2.5 mol%; [21]: 0.2 M in dichloromethane.
*Conversion determined by 'H NMR spectroscopy. ‘Percent C
relative to A and B. “Percent D relative to A and B.

In order to confirm that product C was being formed as a
result of the catalysts proceeding via a 2,3-metallacycle
as a general principle, and not unique to complex 15, the
ratio of C relative to A and B was plotted as a function
of conversion for catalysts 17, 18, and 20 as well. In all
cases, the ratio of C to A and B was constant up to com-
plete consumption of substrate 21, after which secondary
metathesis occurred to increase the amount of C in the re-
action mixture. Similarly, the ratio of product D to prod-
ucts A and B was shown to be constant throughout the
reaction, confirming that these pathways are general to the
complexes investigated in this study.

The ratios of C to A/B and D to A/B were calculated as
a function of temperature in order to determine the effect
of temperature on alkylidene vs methylidene propagation
and the formation and breakdown of the 2,4-metallacycle
vs 2,3-metallacycle. Complex 15 was used as the catalyst
at a loading of 2.5 mol%, and the respective ratios were
determined upon completion of the AROCM of 21 (0.1 M
in dichloromethane) by proton NMR spectroscopy. With
higher temperature, the amount of both products C and D
formed in the reaction increased (Fig. 5). This is possibly
a result of the higher temperature providing the necessary
energy for the reaction to proceed down the less favour-
able pathways, thereby giving more of the end-products of
those pathways, C and D.

Conclusion

Complexes 15-20 yield side products during AROCM re-
actions resulting from the catalysts proceeding through a
2,3-metallacycle in addition to a 2,4-metallacycle, as well
as propagating by a methylidene species, and these path-
ways were found to be general to this class of ruthenium
catalysts investigated. The inherent preference of a given
catalyst for the formation and breakdown of a 2,4-metal-
lacycle vs a 2,3-metallacycle affects its product distribu-
tion, and this catalyst behaviour can be utilized to target
products and particular applications. It also can be con-
sidered in new catalyst design, as the ligand structure was
shown to have an effect on the propensity of the catalyst
to undergo a 2,3- vs 2,4-metallacycle. Similarly, high pref-
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Fig. 5. Effect of temperature on the conversion to products C
and D.

erence for methylidene propagation alters product ratios
and can be used for applications where this is a desirable
pathway. Additionally, methylidene propagation generally
shortens catalyst lifespan, a necessary consideration in the
choice of catalyst for a given reaction. Catalysts 15 and
19 gave high enantioselectivities, with catalyst 19 show-
ing comparable enantioselectivity to the best ruthenium
catalysts reported to date. Future research directions are
focused toward exploited these catalyst properties for tar-
geted reactions.

Experimental Section
General Considerations

All manipulations of air- or water- sensitive compounds
were carried out under dry nitrogen using a glovebox or
under dry argon utilizing standard Schlenk line techniques.
NMR spectra were recorded on a Varian Mercury (‘H, 300
MHz), Varian Inova 400 (‘H, 400 MHz), or a Varian Inova
500 ("H, 500 MHz; *C, 125 MHz) spectrometer and ref-
erenced to residual protio solvent. Enantiomeric excesses
were determined by chiral HPLC. Column: chiralcel AD;
Solvent system: 8% isopropanol in hexanes. Flow rate:
0.75 mL per min.

Materials

Deuterated dichloromethane was dried over calcium hy-
dride and vacuum distilled, followed by three cycles of
freeze-pump-thawing. cis-5-norbornene-endo-2,3-dicar-
boxylic anhydride (21) was obtained from Aldrich and
used without further purification. Styrene was purchased
from Aldrich and filtered through a silica gel plug prior
to use.

Representative AROCM reaction of cis-5-norborn-
ene-endo-2,3-dicarboxylic anhydride with styrene.

Substrate cis-5-norbornene-endo-2,3-dicarboxylic anhy-
dride (60 mg, 0.36 mmol) was added to a 100 mL round
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bottom flask containing a vacuum adaptor, and the flask
was placed under an argon atmosphere. Dry dichlorometh-
ane (6 mL) was added via syringe, followed by styrene
(0.42 mL, 3.6 mmol). Catalyst 15 (6.5 mg, 2.5 mol%) was
then added, and the reaction was stirred for 4 h. The mix-
ture was concentrated, and a proton NMR taken to cal-
culate the relative ratios of products A/B, C, and D. The
products were purified by column chromatography (silica
gel, 50% ether in pentane). Stillbene came off with an R, of
0.91. Product D came off with an R, 0f 0.43 and was recov-
ered in trace amounts. Product A/B had an R, of 0.33 (49
mg, 47% yield) and product C had an R, of 0.27 (12 mg,
10% yield). Enantiomeric excess was determine by chi-
ral HPLC, with enantiomer A showing a retention time of
28.95 min, and enantiomer B showing a retention time of
32.98 min. Product A was obtained in 69% ee over prod-
uct B. The enantiomers were identified by comparison to
the retention times under the same chiral HPLC conditions
outlined in reference 14.

'H NMR of product A/B (CDCI,, 500 MHz): 6 7.42-7.35
(m, 2H), 7.35-7.29 (m, 2H), 7.25-7.21 (m, 1H), 6.52 (d, J
=15.8 Hz, 1H), 6.30 (dd, J=15.8, 8.0 Hz, 1H), 6.03-5.90
(m, 1H), 5.23 (d,J= 1.1 Hz, 1H), 5.20 (dt,J=17.5, 1.3 Hz,
1H), 3.61-3.47 (m, 2H), 3.22-3.11 (m, 1H), 3.10-2.99 (m,
1H), 2.14 (dt, J=12.8, 5.5 Hz, 1H), 1.57 (g, J = 12.9 Hz,
1H) ppm. “C NMR of product A/B (CDCl,, 125 MHz): 6
170.79, 136.84, 134.99, 132.48, 128.81, 127.96, 126.68,
126.57, 117.62, 50.06, 49.62, 47.00, 46.43, 36.78 ppm.

'H NMR of product C (CDCI,, 500 MHz): 6 7.39 (m, 4H),
7.35-7.29 (m, 4H), 7.24 (m, 2H), 6.55 (d, J = 15.8 Hz,
2H), 6.31 (dd, J = 15.7, 8.0 Hz, 2H), 3.63-3.56 (m, 2H),
3.22 (m, 2H), 2.22 (dt, J = 12.7, 5.4 Hz, 1H), 1.66 (q, J =
12.9 Hz, 1H) ppm. “C NMR of product C (CDCl,, 125
MHz): 6 170.77, 134.98, 132.55, 128.82, 127.98, 126.70,
126.54, 50.00, 46.57, 37.55 ppm.

'HNMR of product D (CDCI,, 500 MHz): 6 6.01-5.91 (m,
2H), 5.23-5.20 (m, 2H), 5.19 (dt, J = 10.0, 1.2 Hz, 2H),
3.54-3.44 (m, 2H), 3.06-2.94 (m, 2H), 2.07 (dt, J = 12.9,
5.5 Hz, 1H), 1.49 (q, J = 13.0 Hz, 1H) ppm. *C NMR of
product D (CDCl,, 125 MHz): 6 170.74, 135.00, 117.59,
49.68, 46.90, 36.04 ppm.

Representative kinetic experiment for the pathway
to the formation of products C and D.

In a nitrogen atmosphere glovebox, an NMR tube was
charged with cis-5-norbornene-endo-2,3-dicarboxylic an-
hydride (20 mg, 0.12 mmol) and 0.5 mL of deuterated di-
chloromethane. The NMR tube was sealed with a septum
cap and brought out of the glovebox. Styrene was added
via syringe through the septum cap, and a proton NMR
spectrum (CD,Cl,, 500 MHz) was taken for time = 0. An
NMR array was set up with pad increments of 10 sec, 16
scans per spectrum, 200 spectra. Catalyst solution (15 in
0.25 mL dry CD,Cl; 1.7 mg, 2 mol%) was injected by sy-
ringe into the NMR tube, and the sample was inserted into
the spectrometer. The data were collected and analyzed us-
ing MestReNova software.
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