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Unusual reactions of Grignard reagents toward fluoroalkylated esters
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Abstract
Fluorine-containing esters were demonstrated to be convenient substrates for construction of the corresponding ketones by low temperature
reaction with Grignard reagents followed by warming up to 0 �C, while heating the mixture up to 80 �C readily promoted the reduction of the
ketones obtained by the generated magnesium alkoxides whose mechanism was speculated as MeerweinePonndorfeVerley type reduction by
computational technique.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Elaboration from simple substrates is usually required for
the construction of desired fluorinated molecules because of
their structurally limited availability from commercial sup-
pliers, especially in the case of aliphatic materials.1 Grignard
reactions with readily obtained perfluorinated esters 1 are
one of the widely employed methods for the preparation of
the corresponding ketones 3 as convenient synthetic interme-
diates (Scheme 1). This interesting and convenient process
can be utilized since the strong electron-withdrawing nature
of perfluoroalkyl moieties significantly contributes to the
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stabilization of the tetrahedral intermediates 2, which removes
a chance to accept further attack of the second Grignard
molecule. In fact, Creary has already demonstrated that ethyl
trifluoroacetate 1a (R1¼CF3, R2¼C2H5) afforded trifluoroace-
tophenone 3a (R1¼CF3, R3¼Ph) in 86% yield on reaction with
PhMgBr without formation of the tertiary alcohol 4a
(R1¼CF3, R2¼R3¼Ph).2

In spite of such easy and convenient process,3 it has been
reported that this type of method sometimes did not work
properly and the product was contaminated with unexpected
secondary alcohols 5.4 For example, as shown in Scheme 2,
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Linderman found out that the propargyl ketone 3h with a CF3

group was reduced to the corresponding alcohol 5h whose
mechanism was experimentally proved to be by way of the
b-hydride elimination of the Grignard reagent, n-C13H27MgBr,
by capture of the resultant 1-tridecene.4c However, similar al-
cohol 5a or 5i was also obtained by treatment of ethyl trifluoro-
acetate 1a with PhLi4a or tert-BuMgCl,4c respectively, while
none of these organometallic species possessed appropriate
hydrogen atoms b to the metals.

When we recently tried the reaction of PhMgBr and iso-
propyl trifluoroacetate 6a in a THF solvent, 2,2,2-trifluoro-1-
phenyl-ethanol 5a was isolated as the major product in 42%
yield. However, as long as we concerned, no literature has dis-
closed why and how such secondary alcohols are formed in the
reaction of fluorinated esters and Grignard reagents without
requisite b-hydride, which prompted us to start our basic study
for clarification of this unanswered process.

2. Results and discussions

At first, we have investigated in detail the model reaction
using isopropyl trifluoroacetate 6a and PhMgBr under various
conditions after addition of the latter at �80 �C and stirring for
1 h at the same temperature (Table 1). It is readily understood
that involvement of THF as the reaction medium (entries 1e4)
was apparently inappropriate for the clean construction of the
desired 2,2,2-trifluoroacetophenone 3a. It is interesting to note
that THF even as the Grignard solvent (shown in parentheses
in Table 1) was quite effective in alteration of the reaction
course (for example, entry 2 vs 5 and 3 vs 8) although only
Table 1

Investigation of reaction conditionsa

CF3CO2Pr-i

6a

Ph CF3

OH

5a

Ph CF3

O

3a

+
Ph CF3

OH

4a

+
Ph

2) rt, time

1) PhMgBr
(1.1 equiv),
–80 °C, 1 h

Entry Solventb,c Time (h) 19F NMR yield (%)

3a 5a 4a

1 THF (THF) 1 4 19 21

2 Et2O (THF) 1 4 24 22

3 Tol (THF) 1 0 51 12

4 THF (Et2O) 1 10 56 19

5 Et2O (Et2O) 1 69 8 6

6 Et2O (Et2O) 5 2 58 1

7d Et2O (Et2O) 1 93e 0 11

8 Tol (Et2O) 1 63 13 9

9 Tol (Et2O) 2 10 88f 0

10 Tol (Et2O) 5 0 77 <1

11d Tol (Et2O) 1 80 1 1

12d Tol (Et2O) 5 94g 6 1

a Grignard reagent (ca. 1 mol/L) solution was used after titration.
b In the parenthesis was shown the solvent for the Grignard reagent.
c Tol: toluene.
d Reaction temperature of 0 �C was maintained for the second step.
e Yield of 81% was attained after Kugelröhr distillation.
f Isolated yield of 83% was attained after chromatographic separation.
g Yield of 78% was attained after chromatographic separation.
about 1 mL of a Grignard solution was added to 5 mL of the
reaction solvent. Thus, exclusion of THF was crucial for the
selective preparation of either the ketone 3a or the alcohol
5a. The lower temperature with shorter reaction time seemed
to lead to preferential ketone formation as the result of sup-
pressive production of both alcohols 4a and 5a (entry 6 vs 7
and 10 vs 12). On the other hand, extension of the reaction
time drastically changed the product distribution and the
reduced material 5a became the major component (entry 5
vs 6 and 8 vs 9 and 10). The present investigation eventually
allowed us to select the conditions in entry 7 or 12 for the ef-
fective construction of fluorinated ketones 3 and the one in en-
try 9 for the one-pot formation of the corresponding secondary
alcohols 5. When the desired ketones 3 are expected to possess
relatively lower boiling points, entry 7 would be the route of
choice. On the other hand, because heating the reaction mix-
ture was found to facilitate the in situ reduction of the ketones
3 (vide infra), utilization of toluene would be recommended
for selective construction of secondary alcohols 5.

For validation of these two independent reaction condi-
tions, various types of fluorine-containing esters were em-
ployed as the substrates whose results are summarized in
Table 2. Employment of less expensive and more easily avail-
able ethyl trifluoroacetate 1a instead of the corresponding iso-
propyl ester 6a and stirring the mixture for 1 h at �80 �C
followed by additional 1 h at 0 �C furnished the ketone 3a
in 76% isolated yield along with only a trace amount of the
further reduced material 5a (entry 1). On the other hand, elon-
gation of the reaction time to 24 h at ambient temperature af-
fected the composition of the products dramatically and the
secondary alcohol 5a became predominant (75% yield, entry
2). Total disappearance of the ketone 3a was accomplished
only in 1 h at the elevated temperature (entry 3). Although
these reactions were carried out in dehydrated toluene, entries
4 and 5 described the examples using the usual solvent: thus,
the cheapest toluene (>99.0%, see the footnote of Table 2)
was employed for this transformation without any pretreat-
ment, which attained almost identical results in the same
1 mmol (entry 4) and even 50 mmol (entry 5) scale. Entries
6e8 demonstrated effectiveness of the present procedure:
when PhCH2CH2MgBr was employed as the representative
sp3-type Grignard reagent instead of PhMgBr with the sp2-
hybridized reaction center, basically the same results were
recorded and the selective preparation of the ketone 7a or al-
cohol 8a was realized in a similar fashion, just by changing the
reaction temperature and/or time. Ethyl chlorodifluoroacetate
1b was found to work well and stirring at 0 �C for a short
time (ca. 5 min) allowed to produce the ketone 3b while the
higher temperature was required for the reductive transforma-
tion into the corresponding alcohol 5b (entries 9e11). On the
other hand, the lower halogen content of an Rf group changed
the situation. Thus, chlorofluoroacetate 1c participated nicely
in the ketone construction by brief stirring at 0 �C after its
mixing with the Grignard reagent at �80 �C for 1 h, while in-
creasing the temperature to 80 �C did not affect the reduction
at all with partial decomposition of the initially obtained
ketone 3c (entries 12e14). Reactions of trichloroacetate 1d5



Table 2

Reaction of phenylmagnesium bromide with a variety of fluorine-containing

esters

RfCO2Et

1

1) PhMgBr (in Et2O, 1.1 equiv)/
Toluene, –80 °C, 1 h

2) temp, time Ph Rf

OH

5

Ph Rf

O

3

+

a: Rf=CF3, b: Rf=CClF2, c: Rf=CHClF
d: Rf=CCl3, e: Rf=CH3, f: Rf=CF3CF2

Entry Rf Temp (�C) Time (h) 19F NMR yielda (%)

3 5

1 CF3 0 1 96 [76] 1

2 rt 24 3 84 [75]

3 80 1 0 84 [79]

4b 80 1 0 80 [79]

5b,c 80 1 0 [70]

6d 0 5 82 [75] 2

7d rt 24 2 79 [82]

8d 80 0.5 0 79 [78]

9 CF2Cl 0 0.1 62 [59] 0

10 rt 24 16 60

11 80 1 7 73 [71]

12 CHClF 0 0.1 87 [82] 0

13 rt 24 34 13

14 80 1 48 0

15 CCl3 0 1 [10]e 0

16 CH3 0 1 0 [56]f

17 CF3CF2 rt 5 9 11

18g rt 3 0 68 [69]

19 �80 4 29 0

20h �80 2 57 [46] 1

a In the bracket was shown the isolated yield.
b Toluene (>99.0%), the cheapest (extra pure) grade purchased from Kanto

Chemical Co., Inc., Japan, was used instead of the corresponding dehydrated

toluene.
c The reaction was performed in a 50 mmol scale.
d CF3CO2i-Pr 6a was used as the substrate and reacted with PhCH2CH2MgBr.

The products obtained were 7a and 8a instead of 3a and 5a, respectively.
e A complex mixture was obtained along with this ketone.
f Isolated yield of 1,1-diphenylethanol.
g PhMgBr (2 equiv) was employed with stirring for 3 h at the first step, and

then warming up to rt after addition of 2.2 equiv of i-PrOH.
h PhMgBr (3 equiv) was employed.
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(entry 15) was found to proceed sluggishly affording a large
amount of unidentified mixtures, and nonfluorinated ethyl ace-
tate 1e (entry 16) only furnished the tertiary alcohol 4e by the
way of the second nucleophilic attack of PhMgBr to the in situ
generated ketone 3e.6 The present method was also applicable
to ethyl pentafluoropropionate 1f, which showed slight de-
crease in reactivity. This system seemed to require an excess
amount of PhMgBr for attainment of higher conversion, for
example, addition of threefold excess of the Grignard reagent
realized the formation of the ketone 3f in an acceptable yield
(entry 20), while this yield diminished to half by using a stan-
dard amount (1.1 equiv) of the nucleophile (entry 19). This es-
ter 1f also led to the straightforward synthesis of the
corresponding secondary alcohol 5f with the aid of i-PrOH
as the effectively accelerating additive (entry 18).

At this point, we have postulated the present reaction mech-
anism as described in Scheme 3. Thus, as expected, Grignard
reagents R3MgX would initiate this transformation by nucleo-
philically attacking at the ester carbonyl carbon atom to fur-
nish the tetrahedral intermediates 2. When ethyl acetate 1e
was employed as the substrate and reacted with PhMgBr, the
electron-donating methyl group as R1 should destabilize 2
(R2¼Et) to smoothly yield acetophenone 3e with releasing
MgBr(OEt). Thus, this ketone 3e is exposed to other PhMgBr
molecules at an earlier stage and, as a result, readily trans-
formed into 1,1-diphenylethanol 4e by reaction with the sec-
ond Grignard molecule (entry 14 in Table 2). In quite sharp
contrast, attachment of strongly electron-withdrawing fluori-
nated moieties as R1 should render such ester 1 or 6 more elec-
trophilic and the life-time of the intermediates 2 longer at low
temperature. Thus, when these ester 1 or 6 would be quickly
transformed into 2 at �80 �C, a large portion of the Grignard
reagents has been consumed, and slow decomposition of 2 by
raising the temperature liberated the electrophilically sensitive
3 to which MgX(OR2) would start the hydride delivery by way
of the MeerweinePonndorfeVerley (MPV) type reduction
mechanism7 to eventually produce the unexpected secondary
alcohols 5. However, a stronger Lewis basic solvent THF
would coordinatively weaken the MgeO bond in 2 affecting
its collapse into the corresponding ketones 3, which consis-
tently explained the experimental results on the formation of
approximately 20% of the undesired tertiary alcohol 4a in en-
tries 1e4 in Table 1. On the other hand, utilization of ether or
toluene with lower Lewis basicity improved the situation and
the yield of the byproduct 4a was effectively suppressed to
at most 10%.

For validation of this hypothesis, the phenyl ketones 3 were
independently subjected to a toluene solution containing mag-
nesium alkoxides7a freshly prepared by simple mixing of
PhMgBr and appropriate alcohols at 0 �C (Table 3). In the
case of 2,2,2-trifluoroacetophenone 3a, magnesium ethoxide
was not found quite effective for realization of a high level
of conversion at room temperature, while i-PrOMgBr



Table 3

Reduction of fluorinated ketones 3 with appropriate magnesium alkoxides

1) ROMgBr (in Et2O, 1.1 equiv)/
Toluene, 0 °C, 5 min

2) temp, time Ph Rf

OH

5

Ph Rf

O

3

Entry Rf R Temp (�C) Time (h) 19F NMR yielda

5 3

1 CF3 Et rt 5 49 37

2 Et 80 1 [66] 0

3 i-Pr rt 1 [80] 0

4 n-C6H13 rt 5 [78] 1

5 tert-C4H9 rt 5 5 70

6 CF3CF2 i-Pr rt 1 [76] 0

7 CH3 i-Pr Reflux 5 [80] [20]

a In the bracket was shown the yield after isolation.

Table 5

Representative parameters for 3a, 3d, 10a, and 10d obtained by ab initio
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C1
C2

O
Cl1•C1

C2

O
F1•

2422 T. Yamazaki et al. / Tetrahedron 64 (2008) 2419e2424
promoted the hydride delivery significantly smoothly (entry 1
vs 3). Similar trend was also observed for pentafluoropropio-
phenone 3f (entry 6). Comparison of entries 3 and 6 with 7
unambiguously indicated how easily ketone 3a or 3f with per-
fluorinated moieties were converted into the corresponding
alcohol 5a or 5f, respectively; although nonfluorinated aceto-
phenone 3e was reduced to 1-phenylethanol 5e in 80% yield,
refluxing in toluene for 5 h seemed not enough to reach to
completion which was in sharp contrast to the case of the
fluorine-containing substrates 3a and 3f, only 1 h at room tem-
perature being sufficient. Magnesium isopropoxide was dem-
onstrated to be the reagent with the highest reactivity among
other alkoxides tested, and no reaction was basically occurred
by tert-butoxide without containing any appropriate b-hydride
to magnesium.8

These experimental data led to assumption that success of
this MPV transformation would be primarily related to the
electron-withdrawing characteristics of the ester substituent
R1 (Scheme 3), leading to lowering the LUMO energy level9

which resulted in increase of accepting ability of Grignard
reagents as well as hydride from the magnesium alkoxide
species. In Table 4 was described computational information
including the charges at the C]O groups and the LUMO en-
ergy levels for phenyl ketones 3 with various fluorinated alkyl
groups.9 First of all, as reported previously10 it is apparent
from the NBO charge of the carbonyl carbon atom that the
stronger electron-withdrawing group activated the carbonyl
moiety toward nucleophilic attack by lowering the LUMO en-
ergy level, not by making the C]O carbon more positive.11 In
addition, the LUMO energy gap at least in part adequately
Table 4

NBO charges of C]O groups and LUMO energy levels9

R3 in 3a NBO charge Energy level

of LUMO (eV)C]O C]O

CH3 (e) 0.559 �0.557 �1.929

CHClF (c) 0.514 �0.509 �2.568

CClF2 (b) 0.493 �0.502 �2.771

CF3 (a) 0.481 �0.500 �2.768

CCl3 (d) 0.525 �0.509 �2.690

a R1¼Ph.
explained distinct reactivity difference of i-PrOMgBr toward
3a and 3e with CF3 and CH3 groups, respectively (Table 3, en-
try 3 vs 7). Although the ketones 3a, 3b, and 3d possessed the
similar LUMO values, unlike chlorodifluorinated ester 1b
showing analogous trend to the trifluorinated 1a, trichloroace-
tate 1d only afforded a complex mixture of chlorinated mate-
rials with the yield of the desired ketone 3d extremely low
(entry 13 in Table 2). For gaining some insight into this strik-
ingly contrasting outcome, we have carried out computation of
the stationary points for the anion radical species both derived
from 3a and 3d because the single electron transfer (SET) pro-
cess is known to be one of the major side reactions of Grignard
reagents12 (Table 5). The most distinguishing point is the ap-
preciable 102 pm elongation of the C2eCl3 bond in 10d
when compared with the corresponding neutral species 3d,
while only as short as 3 pm difference was observed between
the trifluorinated 10a and 3a. The fact that the C1eC2 bond of
10d was contracted by 13 pm and the sum of the angles around
the C2 atom (Cl1eC2eC1, Cl2eC2-C1, and Cl1eC2eCl2) was
353.3� led to speculation that the 10d structure has signifi-
cantly changed to the one analogous to enolate by SET mech-
anism. This would elucidate at least in part why the reaction
between trichloroacetate 1d and PhMgBr proceeded slug-
gishly, which would be attributed to the possible aldol type
sequence by way of the enolates directly from 1d and/or
from the in situ obtained 2,2,2-trichloroacetophenone 3d.13

The present MPV reduction was also computationally ana-
lyzed9 by using the model reaction system of isopropoxy mag-
nesium chloride and acetone or 1,1,1-trifluoroacetone with
dimethyl ether coordinating to magnesium so as to fill its va-
cant site since the authors could not find out the theoretical
consideration of this MPV system after the pioneering work
by the Houk’s group.14 Transition states 13a and 13e (TSs),
confirmed by a single imaginary frequency,15 were found to
possess the six-membered chair-like structure. In spite of their
similar appearance, the relatively large difference was noticed
between their activation energies of 14.17 and 5.12 kcal/mol
for the non- (13e) and trifluorinated (13a) TSs, respectively.
The earlier TS of the latter was specifically characterized by
the cleaving C1/H and forming C2/H bond lengths of
Cl2
Cl3F2 F3

10a 10d

Bond length (pm) Angles around C2 (�)a

C1eC2 C1eO C2eX1 C2eX2 C2eX3

10a 152.0 127.0 134.8 138.4 138.4 341.3

3a 156.4 120.7 133.0 135.4 135.4 333.3

10d 145.3 123.3 174.7 173.2 282.6 353.3

3d 158.3 120.4 178.0 180.6 180.6 329.1

a Sum of the angles of X1eC2eC1, X2eC2eC1, and X1eC2eX2 (X: F or

Cl).
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121.9 and 161.6 pm, which were calculated to be 10 and 46%
longer than the ones of the corresponding substrate 12e and
product 12a. On the other hand, the same bonds in the non-
fluorinated TS 13e were 134.4 and 136.4 pm in length, which
explained 21 and 23% elongation. This small discrepancy
would stem from a slight distortion from the expected Cs sym-
metry due to the Me2O molecule. Such nature allowed 13a to
possess 10 pm longer distance between the two methyl groups
attached to the upper side of both C1 and C2, which should
result in the less steric hindrance and eventually contribute
to decrease the activation energy. In addition to the lower ac-
tivation energy already shown above, the strong energetic sta-
bilization of the product combination in the fluorinated case by
20.66 kcal/mol relative to the substrate system would be, of
course, one of the most important driving force of the present
reaction on the basis of the thermodynamically controlled na-
ture due to the low activation energy (Fig. 1).
3. Conclusion

As described above, the present study offers the product
selective preparation of either ketones 3 or their reduced forms
5 where trifluorinated esters 1a and 6a were found to be the
most potent substrates among other fluorinated esters tested.16

It is worthwhile to note that transformation to the latter alco-
hols 5, following to the well-known MPV reduction of the for-
mer ketones 3 as suggested by the present computation, is the
quite convenient and economical route because it proceeded in
a one-pot manner without addition of any other reducing
agents.
4. Experimental

4.1. Preparation of secondary alcohols 5

Reaction of PhMgBr and isopropyl trifluoroacetate 6a was
described as the representative example.

Method 1: To a 30 mL two-necked flask under an argon at-
mosphere containing isopropyl trifluoroacetate 6a (0.14 mL,
1.0 mmol) and anhydrous toluene (5 mL) at �80 �C was
added 1.1 mL of PhMgBr (1.0 mol/L in Et2O, 1.1 mmol)
and stirring was continued for 1 h at that temperature. After
2 h stirring at room temperature and quenching the mixture
with 2 mL of a 1 mol/L HCl aqueous solution and usual
workup furnished a crude material, which was purified by dis-
tillation to give 0.155 g of 2,2,2-trifluoro-1-phenylethanol 5a
(0.880 mmol) in 88% yield.

Method 2: To a 30 mL two-necked flask under an argon
atmosphere containing 2-propanol (91.8 mL, 1.2 mmol) and
anhydrous toluene (5 mL) at 0 �C was added 1.1 mL of
PhMgBr (1.0 mol/L in Et2O, 1.1 mmol) and stirring was con-
tinued at the same temperature for 0.5 h. To this solution was
added 2,2,2-trifluoroacetophenone 3a (0.174 g, 1.0 mmol) in
toluene (1 mL) and the whole mixture was stirred for 1 h at
0 �C. After quenching the mixture with 2 mL of a 1 mol/L
HCl aqueous solution and usual workup furnished a crude ma-
terial, which was purified by distillation. 2,2,2-Trifluoro-1-
phenylethanol 5a (0.140 g, 0.795 mmol) was obtained in
80% yield.

4.1.1. 2,2,2-Trifluoro-1-phenylethanol (5a)17

Rf¼0.45 (n-hex/AcOEt¼3:1); 1H NMR d 2.82 (1H, s), 5.01
(1H, q, J¼7.2 Hz), 7.40e7.47 (5H, m); 19F NMR d �79.55 (d,
J¼7.2 Hz); bp 85 �C (2.0 kPa).

4.1.2. 2-Chloro-2,2-difluoro-1-phenylethanol (5b)18

Yield: 71%; Rf¼0.48 (CH2Cl2); 1H NMR d 3.20 (1H, s),
5.04 (1H, q, J¼8.1 Hz), 7.38e7.42 (3H, m), 7.47e7.48 (2H,
m); 19F NMR: d �66.03 (1F, dd, J¼9.6, 176.9 Hz), �64.04
(1F, dd, J¼7.2, 174.5 Hz).

4.1.3. 2-Chloro-2-fluoro-1-phenylethanol (5c)19

NMR yield: 7 and 6% as an inseparable diastereomer mix-
ture. Rf¼0.31 (n-hex/Acetone¼3:1); 1H NMR d 2.76 (1H, s),
4.91 (1H, dd, J¼5.4, 12.9 Hz) and 4.94 (1H, dd, J¼5.4,
9.0 Hz), 6.15 (1H, dd, J¼5.4, 51.1 Hz) and 6.15 (1H, dd,
J¼5.4, 49.6 Hz), 7.37e7.40 (5H, m); 19F NMR: d �145.26
(dd, J¼14.7, 53.5 Hz) and �141.58 (dd, J¼9.6, 53.2 Hz).

4.1.4. 2,2,3,3,3-Pentafluoropropiophenone (5f)20

Yield: 69%; Rf¼0.52 (n-hex/AcOEt¼3:1); 1H NMR d 2.54
(1H, d, J¼4.8 Hz), 5.12 (1H, ddd, J¼5.1, 7.5, 16.8 Hz), 7.41e
7.46 (5H, m); 19F NMR d �131.11 (1F, dd, J¼19.5, 293.2 Hz),
�123.11 (1F, dd, J¼7.2, 293.2 Hz), �82.46 (3F, s); bp 120 �C
(2.0 kPa).

4.1.5. 1,1,1,-Trifluoro-4-phenyl-2-butanol (8a)21

Yield: 78%; Rf¼0.27 (n-hex/AcOEt¼3:1); 1H NMR
d 1.87e2.08 (2H, m), 2.10 (1H, d, J¼6.9 Hz), 2.69e2.80
(1H, m), 2.86e2.94 (1H, m), 3.83e3.96 (1H, m), 7.19e7.33
(5H, m); 19F NMR d �81.12 (d, J¼7.2 Hz).
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