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ABSTRACT

This Account outlines the efforts of Merck scientists toward
implementing asymmetric hydrogenation as a core competency
within Merck Research Laboratories. Several key factors are
discussed including (i) a focus on efficient chemical synthesis, (ii)
implementation of high throughput screening (HTS) techniques,
(iii) demonstration of robustness on scale, and (iv) diligence to
ensure freedom of operation and catalyst supply for manufacturing.
Several examples of the development of efficient asymmetric
hydrogenation processes are described.

Introduction

Industrial chemical synthesis of pharmaceuticals presents
a number of unique challenges and opportunities as the
relatively high chemical complexity of most small mol-
ecule pharmaceutical drugs requires multistep syntheses
incorporating a wide variety of organic transformations.
Fortunately, the high value of these compounds greatly
increases the scope of chemistry methodologies that could
be considered economically viable, especially when com-
pared with what could be considered for higher volume,
lower cost products such as agrochemicals. In this context,
the pharmaceutical industry was an early adopter of many
catalytic methodologies, both as an enabler of drug
discovery and as efficient means to convergent syntheses
of highly functionalized molecules on the pilot plant and
factory scale. The Merck Process Research department has
a long history in this regard, from early studies in chiral
phase-transfer catalysis' to work with Pd-catalyzed cross-
coupling chemistry,? and even design of chiral ligands for
asymmetric hydrogenation.®

In recent years, the increasingly competitive environ-
ment in the pharmaceutical industry, as exemplified by
ever-shortening periods of marketing exclusivity for first-
in-class drugs,* has placed enormous pressure on com-

Scott Shultz was born in Scottsville, AL, in 1974. After he received his B.A. in
chemistry from Transylvania University (Lexington, KY) in 1996, he completed his
Ph.D. in organometallic chemistry at the University of North Carolina at Chapel
Hill in 2001 under the direction of Maurice Brookhart. He started at Merck in the
Reaction Engineering Laboratory in 2001 and is currently a Research Fellow in
the Merck Catalysis Laboratory with responsibility for the high throughput
screening workflow.

Shane Krska was born in Deadwood, SD (1970). He received his B.S. (1992) from
the South Dakota School of Mines and Technology in Rapid City, SD, and his
Ph.D. (1997) from MIT, working with Professor Dietmar Seyferth. After postdoctoral
training in the laboratories of Professor Robert G. Bergman at U.C. Berkeley, he
joined Merck Research Laboratories in 1999. He is currently a Senior Investigator
in the Merck Catalysis Laboratory.

1320 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 40, NO. 12, 2007

panies to bring products to market faster. For the process
chemist, this means less time to explore and develop
robust, scaleable synthetic routes and hence the need to
rapidly assess the viability of key synthetic steps, especially
those that set product stereochemistry. Add to this the
increasing number of chiral drug candidates in develop-
ment,® and one can readily see the need for the pharma-
ceutical industry to embrace catalytic methodologies like
asymmetric hydrogenation that offer the promise of rapid,
efficient access to chiral molecules with a high probability
of success.

It is surprising then that Merck, not unlike like the rest
of the pharmaceutical and fine chemicals industries, was
slow to adopt asymmetric hydrogenation as a methodol-
ogy of choice for synthesizing chiral molecules with only
ca. 10 instances of asymmetric hydrogenation imple-
mented industry-wide as of 2001.° Beyond a few isolated
examples,” Merck’s interest in asymmetric hydrogenation
remained sporadic until 2002. A number of factors con-
tributed to this situation, including uncertainty around
cost and freedom of operation involving negotiations with
catalyst vendors, perceived difficulties with air sensitivity
and reaction robustness upon scale-up, need for special-
ized equipment and expertise in screening, and efficient
access to the large number of commercially available
chiral ligands and catalysts.

The Merck Catalysis Laboratory was formed in 2002 as
a joint effort between the Chemical Engineering and
Process Research departments to address these barriers
to the utilization of asymmetric hydrogenation at Merck.
Originally consisting of a group of seven dedicated organic
and organometallic chemists, the Laboratory’s mission
was to facilitate incorporation of asymmetric hydrogena-
tion into Merck drug candidate syntheses at all stages of
development, from those that support preclinical animal
safety studies all the way through commercialization. With
a focus on overall synthetic efficiency, the Laboratory
always strove to “make the catalytic step fit the process”
rather than forcing the project team to divert the synthetic
route to intermediates that were well-precedented to work
in the asymmetric hydrogenation step. This philosophy
led us to explore asymmetric hydrogenations of substrate
classes with little or no precedence in the literature—several
examples of this type are given below. To accomplish this,
the Catalysis Laboratory needed to develop robust, ef-
ficient means to screen the large number of available
chiral catalysts as fast as possible using the least amount
of valuable intermediate. The evolution of our screening
techniques is also presented below.

A Focus on Efficient Chemical Syntheses

While the sensible use of protecting groups can provide
quick access to desired reactivity, the unsavory atom
economy and cost of additional processing steps dictates
that project teams seek out direct methods to the desired
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chemical intermediates. For the synthesis of chiral amino
acid derivatives, the use of amide or carbamate protecting
groups has been widely practiced, and for the synthesis
of Merck’s Anthrax Lethal Factor inhibitor (eq 1), we could
have hydrogenated the acetamide-methyl ester of the
tetrahydropyran intermediate, which has been demon-
strated by Burk in 98% ee with (Me-BPE)Rh(COD)OTf.2
To avoid the extra steps of exchanging the acetyl group
for the desired sulfonyl side chain, though, we attempted
an unprecedented direct hydrogenation of the N-sulfo-
nylated intermediate. The presence of the very electron-
deficient sulfonamide group does reduce the reactivity of
our substrate toward rhodium catalysts; however, high-
throughput screening (HTS) allowed us to rapidly screen
other metals and conditions and the highly selective ‘Bu-
Josiphos/[(cymene)RuCl,], catalyst system was rapidly
identified. The desired chiral sulfonamide was therefore
accessed in 97% ee and 98% yield.®

E F
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1

The use of the appropriate “protecting group” or
substituent was again demonstrated in the synthesis of
taranabant, a CB-1R inverse agonist for the treatment of
obesity. The two contiguous stereocenters in taranabant
can be accessed via several strategies, and early on
dynamic kinetic resolution (DKR) of the racemic bro-
moketone (eq 2) was employed.'® This strategy provided
access to the key chiral alcohol in excellent enantioselec-
tivity and good diastereoselectivity. DKR-hydrogenation
is an efficient and elegant reaction; however, three more
steps including the use of sodium azide were necessary
to access the desired chiral amine.
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Setting both stereocenters in a single transformation
remained a motivating factor for the project team, and
therefore the direct hydrogenation of a tetrasubstituted
enamide was investigated (eq 3).'" While a simple amide
or carbamate protecting group could have been employed,
the enamide was constructed with the full side chain so
that the basic connectivity in taranabant could be ac-
cessed directly. Since there were only a few accounts
demonstrating successful hydrogenation of similarly steri-
cally congested enamides,'? we were pleased to discover
the catalyst consisting of a cationic rhodium precursor
with a modified Josiphos ligand provided the benzamide-
chiral amide under very mild conditions with only 0.15
mol % catalyst (eq 3). Key to this hydrogenation was the
use of 2,2,2-trifluoroethanol (TFE), which allowed us to
lower the catalyst loading by more than a factor of 10.
While we were unable to efficiently carry the benzonitrile
moiety through the hydrogenation sequence due to
catalyst inhibition and competitive reduction, crystalliza-
tion of the benzamide-chiral amide fortuitously provided
pure material with an ee of 99.5%.
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The selection of the optimal place to incorporate an
asymmetric hydrogenation step in a drug synthesis can
have significant impact on the overall manufacturing cost.
Traditionally the chiral fragment(s) may be incorporated
in an early step of a synthesis if a simple chiral building
block is readily available or if known chemistry can be
used directly with little development. However, an asym-
metric hydrogenation is often the most expensive step to
run due to the typically high cost of a chiral catalyst or
reagent. Thus, incorporation of an expensive asymmetric
hydrogenation step early in the synthesis will negatively
impact the overall cost if there are low yielding steps
downstream or if multiple transformations must be ac-
complished in series. For example, in a five-step sequence
with an average step yield of 85%, running the asymmetric
hydrogenation as the first step in the synthesis means
processing approximately twice as many moles of inter-
mediate in that step vs the scenario where the asymmetric
hydrogenation is the final chemical transformation in the
sequence. The magnitude of the impact on the process
economics depends on a variety of factors; however, for
the above example, using 0.5 mol % of a catalyst with FW
=500 g/mol at a cost of $100/g would translate to $0.5 M
of increased raw material cost per metric ton of drug
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FIGURE 1. Evaluation of (a) assay yield and (b) enantiomeric excess as a function of catalyst loading and purification step.

produced (drug FW = 500 g/mol). On the other hand,
incorporating the asymmetric hydrogenation late in the
synthesis offers fewer opportunities for chiral purity
upgrade and heavy metal impurity removal, but these
difficulties are generally overcome in the course of
development.

Another example of a late stage asymmetric hydroge-
nation that also demonstrates novel reactivity is the case
of laropiprant, a prostaglandin D, (PGD,) receptor an-
tagonist.’® This is the only published example of asym-
metric hydrogenation of an exocyclic o,f-unsaturated
carboxylic acid. Interestingly, careful mechanistic inves-
tigations revealed that this hydrogenation proceeds largely
through the endo isomer at low hydrogen pressure. This
information was crucial for the successful scale-up and
implementation of this process because the endo isomer
gives higher enantioselectivity with BINAP/[(cyme-
ne)RuCl,], catalyst than direct hydrogenation of the exo-E
isomer at higher pressure.
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4)
Ensuring Catalyst Performance on Scale

Achieving high catalyst efficiencies (TON) while maintain-
ing performance (ee, de, etc.) is often critical for economic
as well as processing reasons (metal removal, for example),
and exhaustive purification of raw materials can often be
required (chromatography, distillation, resin treatments,
crystallization, etc.) Such was the case in the asymmetric
hydrogenation of the Boc-piperidine-substituted enamide
(eq 5)."* During the first bulk scale up, catalyst perfor-
mance (yield and ee) was observed to vary from lot to lot
of enamide. A more careful examination of the workup
procedure for the enamide substrate quickly revealed that
process impurities were responsible for the variability in
the hydrogenation. In a single experiment, we varied the
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substrate to catalyst ratio for material pulled after each
step in the purification and isolation of the enamide
(Figure 1). From the data, it is clear that the efficiency of
the first NaHCOj(aq) wash was not sufficient to remove
all catalyst poisons. By taking advantage of parallel
experimentation, the project team was able to develop and
implement a robust process in a matter of a few days.
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High-Throughput Screening Is an Enahling
Paradigm

HTS for the identification of highly enantioselective and
efficient catalyst systems for pharmaceutical synthesis is
absolutely imperative with the tough challenges facing
process development in recent years (e.g., reduction in
development cycle times and limited research funding).
While there are a few chiral ligands that have shown some
generality in asymmetric transformations (e.g., DuPhos
and BINAP), the diversity in chemical structures in
pharmaceutical process chemistry necessitates that a truly
diverse set of chiral catalysts be evaluated to discover and
develop highly efficient asymmetric chemical processes.
There are at least 16 chiral catalyst systems that are
reported to give =95% ee for methyl acetamidocinnamate
(MAC);'® however, the asymmetric hydrogenation sub-
strates we have encountered can be far more complex.'®
Additionally, it is often the case that there is little or no
literature precedent for asymmetric hydrogenation of a
given substrate, and therefore it is imperative to screen a
wide range of catalysts covering a large amount of chiral
“space” to find a suitable catalyst system.

Prior to 2004, we made heavy use of simple yet versatile
glass pressure vessels for reaction screening (Figure 3).
Individual reactions (typically 0.5-1 mL) were carried out
in 8 mL glass vials fitted with septum caps and vent
needles. This allowed us to simultaneously screen six
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Glass Pressure Vessels
FIGURE 2. Hydrogenation screening equipment.
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FIGURE 3. Example of a typical ligand library consisting of 4 copies
of 24 unique chiral ligands.

Liggand Library

different conditions at a single temperature and pressure.
Each reaction was individually prepared, and the pressure
vessel was assembled in a nitrogen-filled glovebox. This
was a highly reliable setup for reaction screening, albeit
with low overall throughput. From here, the acquisition
of Symyx HTS equipment such as the high-pressure
reaction blocks (Figure 2) that can be used in conjunction
with automated liquid handling equipment led to sub-
stantial gains in throughput.'” For the first time at Merck,
it was now possible to screen the hundreds of permuta-
tions (ligand/metal precursor/solvent/additives, etc.) nec-
essary to develop robust, efficient asymmetric hydrogena-
tion reactions in a truly efficient and rapid manner. In
addition to providing increased throughput, the parallel
reaction blocks also utilize a lower reaction volume
(typically 0.1-0.3 mL), thereby requiring much less hy-
drogenation substrate per reaction. This has even greater
implications as we are now able to impact drug synthesis
earlier in the development cycle.

In order to accelerate the time to discover a hit, we
moved from a rather unsystematic method of choosing
individual catalysts for evaluation to a library-based
approach. By predispensing chiral ligands into 96-well
microtiter plates and using automated or semiautomated
liquid handling equipment, it was possible to screen
hundreds of ligands under multiple conditions in a single
day.'® For example, as is graphically illustrated in Figure

Symyx High Pressure Blocks

HO,C NHTs HO; INHTS Hozcj/ NHTs
A 96% ee A 49% ee A 67% ee
B 97% ee B 70% ee
C91%ee
. PtBu) Fe-
/ ? J Me 7 @7 ./
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o~ /\ o
PPh, PPh o
2 2 2/ c[) o—
[
tBu-Josmhos TMBTP Me-f-Ketalphos

FIGURE 4. Hydrogenation of N-Ts-a-dehydroamino acids.

3, a library of chiral ligands could consist of 4 copies of
24 unique ligands arrayed in an 8 x 12 format. Addi-
tion of stock solutions of catalyst precursors such as
[(cymene)RuCl], or (COD),RhBF,, substrate, and op-
tional additives is then accomplished in short order, and
the screening of tens to hundreds of catalysts under a
variety of conditions becomes straightforward.

The impact of HTS is nicely illustrated with the fol-
lowing examples from our laboratories. Since small changes
to even relatively simple molecules can necessitate the use
of very different ligands to achieve high enantioselectivity,
HTS played a major role in our investigations into the
ruthenium-catalyzed asymmetric hydrogenation (AH) of
various N-Ts-a-dehydroamino acids (Figure 4).° While the
‘Bu-Josiphos ligand A gave acceptable results with the
cyclohexyl substrate, enantioselectivity was quite poor for
the valine derivative with this ligand. In a second round
of screening, we observed the TMBTP ligand (B) to give
excellent ee for the valine substrate. A third round of
screening was necessary for the 2-Me substrate because
ligands A and B provided inadequate enantioselectivity.
Ultimately good ee was obtained with the Me-f-Ketalphos
ligand. Prior to the implementation of HTS, such extensive
catalyst screening would have required weeks or months
of experimentation but in this case was accomplished in
a matter of days.
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Another example that illustrates the need for an
unbiased and diverse ligand screen is that of the ketoa-
mide hydrogenation shown in eq 6. In our internal
development work, out of several ligand libraries that were
screened (>100 ligands), the Rh catalyst containing the
bis-2-norbornyl-substituted Walphos ligand was observed
to give excellent enantioselectivity and reactivity.'® This
ligand is synthesized from di-2-norbornylphosphine, which
is a mixture of endo and exo isomers. It is not plausible
to think that one could predict a priori that this ligand (a
mixture of four diastereomers!)?° would provide this level
of asymmetric induction.

0.34 % (COD),RhBF,
0.36 % Norbornyl Walphos ~ @H |

0]
H
)JVN 2.4 equiv. HBF, N
R{ W‘/\Rz 90 psig H2 R1 \IK\RZ

O _— o}
R1 = heteroaryl MeOH, 25 °C, 1%h 92% ee

SUSJiR <

<

Norbornyl Walphos =

6)
Freedom of Operation and Catalyst Supply

There were a number of business considerations that had
to be addressed early so that asymmetric hydrogenation
technology could be introduced more broadly into Merck
drug syntheses. The overall value of a chiral ligand or
catalyst is only partly determined by chemistry. Small
differences in performance (ee, yield) will often be out-
weighed by cost and availability. The cost of a chiral ligand
arises from several issues including complexity, avail-
ability, and intellectual property (IP) rights.?! Introducing
an asymmetric step early in the development cycle for a
drug candidate means that there is ample time to address
not just chemical processing issues but also the supply
and cost issues, both of which must be addressed prior
to bulk drug manufacturing, thereby reducing the risk of
incorporating a patented technology into a manufacturing
synthesis.

The Development of the Sitagliptin Asymmetric
Hydrogenation

The story of the development of an unprecedented
asymmetric hydrogenation of an unprotected enamine as
part of the manufacturing process for sitagliptin illustrates
well all the key success factors that have been emphasized
so far in this Account. In addition, as one of the first
projects handed to the newly formed Catalysis Laboratory
in the fall of 2002, the success of this endeavor paved the
way for many of the projects that followed later.

In October 2006, sitagliptin was approved by the U.S.
FDA as the first and only entry in the new breakthrough
class of orally active agents, known as DPP-4 inhibitors,
for the treatment of type 2 diabetes and is now being
marketed by Merck as a monotherapy under the brand
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Scheme 1. Retrosynthesis of Sitagliptin
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name Januvia and as a combination with metformin under
the brand name Janumet. In the summer of 2002, the
sitagliptin project was progressing at a rapid pace through
the Merck drug development process. An interim route
had been developed that was capable of reliably yielding
sitagliptin on a multikilogram scale for support of ongoing
clinical trials.?* Although the overall yield of the route
(52%) was high, the length of the synthesis (nine steps),
the use of relatively expensive reagents (two EDC cou-
plings), and the undesirable waste generated from a
Mitsunobu reaction made the chemistry less attractive
from a manufacturing perspective. Thus, Process Research
undertook an extensive effort to identify a shorter, more
cost-effective, and environmentally benign synthesis of
sitagliptin. Prior work had established an efficient three-
step route to the triazole portion of the molecule,®® so
efforts focused on accessing the -amino acid functional-
ity. Two approaches were evaluated, a substrate-controlled
diastereoselective heterogeneous hydrogenation of an
enamine/enamide bearing a chiral auxiliary and a catalyst-
controlled asymmetric hydrogenation of an enamine/
enamide (Scheme 1).

For the substrate-control approach, the team identified
(S)-phenylglycine amide (PGA) as a suitable chiral auxiliary
that gave remarkably high diastereoselectivity in the
hydrogenation using Adam’s catalyst (eq 7).>* Treatment
of the triazole-bearing (-ketoamide with (S)-PGA gave
exclusively the (Z)-PGA-enamine in excellent yield and
purity. Subsequent diastereoselective hydrogenation, fol-
lowed by hydrogenolytic removal of the chiral auxiliary
using Pearlman’s catalyst gave the free base of sitagliptin
in excellent yield and purity. Key to the success of the
diastereoselective hydrogenation was acid washing of the
Adam’s catalyst, resulting in both high diastereoselectivity
and activity. This method was found to be quite general
for the synthesis of a variety of 3-alkyl and -aryl-
substituted $-amino acid derivatives and has given the
highest reported levels of diastereoselectivity (up to 99%)
for such a system.

/(CF:, CFs
F N F NN
& N 1.5 wt% PtO, ,\',/\ < N
= N acid-washed - N
NH O - NH O
F L 90psigH, F L
F Ph’ “CONH, THF F Ph TCONH,
97% de
92% yield
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For the catalyst-control approach, ample literature
precedent suggested that asymmetric hydrogenation of a
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dehydro-3-amino acid derivative with a suitable N-pro-
tecting group would be successful, provided a way could
be found to synthesize the unsaturated substrate with
acceptable control of olefin geometry.*® However the
project team had been tasked with finding an efficient
synthesis of sitagliptin, and the protection/deprotection
sequence required in such an approach would add un-
necessary steps to the overall route. Thus, the team
decided to explore the asymmetric hydrogenation of the
unprotected enamine, despite literature reports suggesting
that substrates of this type were unreactive with typical
asymmetric hydrogenation catalysts.® The requisite enam-
ine amide (Scheme 1, R = H, X = triazole side chain) was
easily obtained by treatment of the corresponding j-ke-
toamide with NH,OAc in methanol. Initial catalyst screen-
ing with a variety of Rh, Ru, and Ir complexes of traditional
chiral bis(phosphine) ligands (e.g., BINAP) indeed showed
low reactivity, low enantioselectivity, or both. However,
the use of [(COD)RhCI], in combination with newer
ferrocene-based phosphine ligands such as fBu-Josiphos
(Figure 3) gave promising reactivity and enantioselectivity
(ee = 90%).

At this point, the Catalysis Laboratory joined the effort
to turn this promising lead into a practical, scalable
process. Since at this point in time Merck had limited
experience with scaling asymmetric hydrogenations and
had no specific experience working with the Josiphos class
of ligands, a strategic partnership was forged with Solvias,
AG, the catalyst supplier for Josiphos, which had world-
renowned expertise in the field of asymmetric hydrogena-
tion. In a joint effort, Merck and Solvias conducted
hundreds of reactions over a very compressed period of
three months in order to push the asymmetric hydroge-
nation reaction to the limits of its performance. Dozens
of ligands and additives were screened, along with the
usual parameters of solvent, temperature, and pressure.
The resulting optimized reaction depicted in eq 8, along
with the associated chemistry for synthesizing the enam-
ine amide®” and the downstream process for enantiopurity
upgrade and final salt formation, was subsequently run
in the pilot plant on a hundreds of kilograms scale, less
than 6 months after its discovery. Indeed, in the year
following the development of the asymmetric hydrogena-
tion route, over 1 MT of sitagliptin was produced in this
manner, and over 20 MT has been produced to date.

CF; CFs
I3 0.15 mol%[Rh(cod)Cl], F (\N 4

N/\<N 0.32 mol% tBu-Josiphos N
N e QAAW o
50 °C, 150 psi NH, O
F NHz O MeOH, 18 h F ?
F enamine amide F sitagliptin

> 85% conversion, 95% ee

®

Concluding Remarks and Outlook

In this Account, we have clearly demonstrated with
numerous examples how we have implemented an HTS
approach to developing asymmetric hydrogenation reac-
tions for pharmaceutical drug synthesis at Merck. When
one considers both the breadth of chemical diversity

encountered in small molecule drug synthesis and the
difficulties often encountered with ensuring freedom of
operation for manufacturing, then the flexibility and
efficiency that HTS offers becomes apparent. With the
speed that HTS has brought to the Merck Catalysis
Laboratory, we have had the opportunity to impact a
broad range of the drug development cycle from preclini-
cal drug supply (grams) to bulk manufacturing (metric
tons). By taking advantage of technological advances in
automation workflows, we have taken novel and powerful
chemistry from the academic realm and implemented it
as a platform technology for Merck Process Research.
Finally, we believe firmly that the model we have imple-
mented for asymmetric hydrogenation at Merck should
apply to other emerging chemistries as well.
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