
u n i ve r s i t y  o f  co pe n h ag e n  

Stereoselective O-Glycosylations by Pyrylium Salt Organocatalysis**

Nielsen, Michael Martin; Holmstrøm, Thomas; Pedersen, Christian Marcus

Published in:
Angewandte Chemie - International Edition

DOI:
10.1002/anie.202115394

Publication date:
2022

Document version
Peer reviewed version

Document license:
Unspecified

Citation for published version (APA):
Nielsen, M. M., Holmstrøm, T., & Pedersen, C. M. (2022). Stereoselective O-Glycosylations by Pyrylium Salt
Organocatalysis**. Angewandte Chemie - International Edition, 61(6), [e202115394].
https://doi.org/10.1002/anie.202115394

Download date: 23. maj. 2023

https://doi.org/10.1002/anie.202115394
https://curis.ku.dk/portal/da/persons/michael-martin-nielsen(3af9adad-c475-4dfa-a284-97fce395bafb).html
https://curis.ku.dk/portal/da/persons/christian-marcus-pedersen(994945e4-c86b-4440-b9bd-8117822c77db).html
https://curis.ku.dk/portal/da/publications/stereoselective-oglycosylations-by-pyrylium-salt-organocatalysis(c99d1707-7f53-4e5b-bd7c-eb194783cd40).html
https://curis.ku.dk/portal/da/publications/stereoselective-oglycosylations-by-pyrylium-salt-organocatalysis(c99d1707-7f53-4e5b-bd7c-eb194783cd40).html
https://doi.org/10.1002/anie.202115394


Angewandte
Eine Zeitschrift der Gesellschaft Deutscher Chemiker

www.angewandte.de
Chemie

Akzeptierter Artikel

Titel: Stereoselective O-Glycosylations by Pyrylium Salt
Organocatalysis

Autoren: Michael Martin Nielsen, Thomas Holmstrøm, and Christian
Marcus Pedersen

Dieser Beitrag wurde nach Begutachtung und Überarbeitung sofort als
"akzeptierter Artikel" (Accepted Article; AA) publiziert und kann unter
Angabe der unten stehenden Digitalobjekt-Identifizierungsnummer
(DOI) zitiert werden. Die deutsche Übersetzung wird gemeinsam mit der
endgültigen englischen Fassung erscheinen. Die endgültige englische
Fassung (Version of Record) wird ehestmöglich nach dem Redigieren
und einem Korrekturgang als Early-View-Beitrag erscheinen und kann
sich naturgemäß von der AA-Fassung unterscheiden. Leser sollten
daher die endgültige Fassung, sobald sie veröffentlicht ist, verwenden.
Für die AA-Fassung trägt der Autor die alleinige Verantwortung.

Zitierweise: Angew. Chem. Int. Ed. 10.1002/anie.202115394

Link zur VoR: https://doi.org/10.1002/anie.202115394

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fange.202115394&domain=pdf&date_stamp=2021-11-30


1 

 

Stereoselective O-Glycosylations by Pyrylium Salt 

Organocatalysis 
 

Michael Martin Nielsen†, Thomas Holmstrøm† and Christian Marcus Pedersen*. 

 

Author affiliations:  

University of Copenhagen, Department of Chemistry, Universitetsparken 5, 2100 Copenhagen O, 

Denmark  

* Corresponding author, cmp@chem.ku.dk 

† MMN and TH contributed equally.  

 

Abstract 

Despite many years of invention, the field of carbohydrate chemistry remains rather inaccessible 

to non-specialists, which limits the scientific impact and reach of the discoveries made in the field. 

Aiming to increase the availability of stereoselective glycosylation chemistry for non-specialists, we 

have discovered that several commercially available pyrylium salts catalyze stereoselective O-

glycosylations of a wide range of phenols and alkyl alcohols. This catalytic reaction utilizes 

trichloroacetimidates, an easily accessible and synthetically proven electrophile, takes place under air 

and only initiates when all three reagents are mixed, which should provide better reproducibility by 

non-specialists. The reaction exhibits varying degrees of stereospecificity, resulting in β-selective 

glycosylations from α-trichloroacetimidates, whilst an α-selective glycosylation proceeds from β-

trichloroacetimidates. A mechanistic study revealed that the reaction likely proceeds via an SN2-like 

substitution on the protonated electrophile.  

 

Introduction 

As carbohydrates occupy a central domain of biochemistry and chemical biology, the development 

of strategies for selective glycosylations has been pursued by organic chemists for more than a 

century.[1–7] The introduction of glycosyl trichloroacetimidates by Michel and Schmidt[8] in the early 

1980’s led to a significant acceleration in the development of catalytic glycosylations and sparked the 

development into diverse field of research with various catalytic glycosylation methods available.[3] 

However, despite years of significant progress, there is still a high demand for new and more 
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approachable glycosylation methods as poor reproducibility by non-specialists limits the general 

accessibility to the field.[9]  

One of the key challenges in glycosylation chemistry remains obtaining high degrees of 

stereoselectivity across substrates and three selected stereoselective methods are shown in Figure 1. 

A widespread glycosylation method involves activation of the electrophile (or “glycosyl donor”), 

typically resulting in a highly reactive intermediate (Figure 1, top) with varying degrees of solvent-

separation.[10,11] Crich and co-workers[12–14] conducted pioneering work on such high-energy 

intermediates and achieved highly selective reactions at low temperatures in an SN2-like substitution 

reaction,[10,11] allowing even challenging β-mannosylations to proceed with high stereoselectivity. 

Stereoselective glycosylations have successfully been performed by internal delivery of the 

nucleophile (or “glycosyl acceptor”).[15,16] Toshima and Takahashi have recently introduced a method 

for 1,2-cis-glycosylations by boronic acid catalysis from the corresponding 1,2-anhydro sugars[17–22] 

(Figure 1, middle) with excellent stereo- and regioselectivity.  This glycosylation strategy relies on 

the formation of a boronic ester intermediate with the nucleophile and electrophile, resulting in a 

stereospecific glycosylation via an SNi reaction mechanism.  

Alternatively, catalytic glycosylations can be accomplished by activation of the nucleophile 

(Figure 1, bottom). This particular method was pioneered by Schmidt using various reagents to form 

a catalyst-nucleophile complex capable of activating a trichloroacetimidate electrophile,[23–28] 

resulting in inversion of the anomeric configuration of the electrophile. In recent years, related 

methods relying on activated nucleophile‒catalyst‒electrophile intermediates have been developed 

by Taylor,[29–31] Toshima[32] and Jacobsen,[33–36] resulting in highly stereoselective glycosylations. As 

the displacement of the anomeric leaving group is dependent on complexation with the nucleophile, 

this particular glycosylation strategy proceeds with relatively low formation of undesired by-products 

as high-energy intermediates are either not formed or very short-lived as the nucleophile is always in 

close proximity. However, designing or discovering catalysts capable glycosylations via such 

nucleophile‒catalyst‒electrophile complexes represent a significant challenge.  
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Figure 1: Graphical summary of three selected methods of stereoselective glycosylations (top, middle) and this 

work (bottom). PG = Protective group. 

 

In the following, we present a new method for stereoselective O-glycosylations which proceeds 

by nucleophile activation using pyrylium catalysts (Figure 1, bottom). This discovery was made via 

a hypothesis-based investigation as we sought out to identify a catalytic species capable of lowering 

the pKa value of alcohols to the 3-5 range that we previously found ideal for stereoselective, self-

promoted N-glycosylations.[37,38] This led to the discovery that pyrylium salts are capable of providing 

such catalyst‒nucleophile interactions, resulting in stereoselective O-glycosylations of 

trichloroacetimidate (TCA) electrophiles with a wide range of phenols and alkyl alcohol nucleophiles. 
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Many pyrylium salts are commercially available and have gained interest in the scientific community 

as organic dyes[39,40] and photoredox catalysts,[41–43] and were recently introduced as catalysts for 

Katritzky-like C‒N bond activations[44–46] by Cornella and co-workers. In addition, structurally 

related pyridinium salts have previously been utilized in glycosylation chemistry.[47–49] However, to 

the best of our knowledge, pyrylium salts have not previously been used in glycosylation chemistry. 

 

Results and discussion 

After an initial screening of reaction conditions (Table S10), it was found that three pyrylium salts 

were highly efficient glycosylation catalysts with both phenolic and aliphatic nucleophiles. 

Furthermore, the three pyrylium salts exhibited very different reaction rates during glycosylations 

depending on the pyrylium substitution pattern (Scheme 1).  

The scope of phenolic nucleophiles was assessed using an α-glucosyl trichloroacetimidate and 10 

mol% of the pyrylium catalyst at ambient conditions. From our survey, it was concluded that H3Pyry 

and Me3Pyry were significantly more reactive catalysts for the phenolic glycosylations than Ph3Pyry 

and furthermore resulted in higher β-selectivity. H3Pyry was found capable of catalyzing highly β-

selective glycosylations of o-, m- and p-substituted phenols (Scheme 1, products 2-5). Phenolic 

nucleophiles with electron-donating and –withdrawing substituents were found to give rise to similar 

yields and almost exclusive formation of the desired β-linked phenyl glycosides (products 6-10), 

which further underlines the generality of this procedure. Only a p-nitro-substituent (product 11) was 

found to give rise to diminished selectivity. A tyrosine side-chain was also glycosylated, yielding 

only the desired β-D-Glc-O-Tyr glycoside (12) that has been identified as a carbohydrate-protein 

linkage in surface-layer glycans.[50] Furthermore, it was possible to prepare precursors for both D-(–

)-salicin (2) and arbutin (13), two natural products containing β-glucosidic linkages. Finally, we 

found that several nucleophilic sites on the nucleophile are compatible with the catalytic conditions, 

allowing a notable chemoselective glycosylation of a phenolic nucleophile (product 14) in the 

presence of a benzylic alcohol with excellent stereoselectivity (confirmed by HMBC C‒H couplings).  
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Scheme 1: Scope of phenolic glycosylation using 1.2 equiv. of the phenolic nucleophile. All reactions were carried 

out under an air atmosphere in a sealed vial. Reactions were monitored by TLC and stopped when the electrophile 

was consumed. The α/β ratio was determined by 1H-NMR spectroscopy of the crude product. Yields were determined 

after purification by flash-column chromatography. a) Solvent was toluene. b) Solvent was t-butyl methyl ether. Bn = 

Benzyl, Me = Methyl, Et = Ethyl, Boc = tert-butyloxycarbonyl, TBS = tert-butyldimethylsilyl. 

 

Next, it was investigated how H3Pyry would perform in glycosylations with glycosyl nucleophiles 

and an L-serine side chain (Scheme 2). The glycosylation of a primary glycosyl acceptor proceeded 

in excellent yields and high selectivity but required deviation from the standard procedure as toluene 

and MeCN gave higher β-selectivity than in Et2O for this substrate (product 15). A sterically hindered, 

secondary glycosyl nucleophile was found to be relatively incompatible with this glycosylation 

strategy, giving the (1-3)-linked disaccharide (16) in a lower yield as a mixture of anomers. We 
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believe that the current methodology could be optimized further for this type of substrate (and 

secondary glycosyl acceptors in general), but this was outside the scope of the current investigation. 

 

 

Scheme 2: Glycosylations of glycosyl nucleophiles and L-serine side chain using 1.2 equiv. of the nucleophile. 

All reactions were carried out under an air atmosphere in a sealed vial. The α/β ratio was determined by 1H-NMR 

spectroscopy of the crude product. Yields were determined after purification by flash-column chromatography. Tol = 

toluene.  

 

The glycosylation of an L-serine side chain (product 17) was found to proceed with similarly high 

degrees of β-selectivity and yield and furthermore gave high β-selectivity using the standard 

procedure in Et2O as well as when using MeCN as the solvent. Lastly, a 4,6-deprotected glycosyl 

nucleophile was glycosylated regioselectively with exclusive formation of the desired β-linked 

disaccharide (18) in both MeCN and in toluene. A similar preference for the 6-OH of the 4,6-diol has 

been reported by Kumar and co-workers[48] using pyridinium catalysts, albeit with lower β-selectivity. 

Next, we investigated whether other parent sugars and other protective group schemes were 

tolerated during the glycosylation with H3Pyry. We found that galactosylations (Scheme 3, products 

19 and 20) proceeded with high β-stereoselectivity when the reactions were initiated at a lowered 

temperature and allowed to reach rt. Carrying out the galactosylationas at constant temperature will 

likely result in similar results, but an optimized procedure specifically for the galactosylations has not 
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yet been completed. A 4,6-benzylidene-protected mannopyranosyl trichloroacetimidate (Scheme 3, 

middle) was also found to react with β-selectivity with a glycosyl nucleophile at 0 °C in both Et2O 

and toluene (product 21). This result was very promising as we expected that the steric congestion 

associated with the formation of 1,2-cis-glycosides to result significantly lower the selectivity. 

 

Scheme 3: Reaction scope using other parent sugar trichloroacetimidates as electrophiles with 1.2 equiv. of the 

nucleophile. All reactions were carried out under an air atmosphere in a sealed vial. The α/β ratio was determined by 

1H-NMR spectroscopy of the crude product. Yields were determined after purification by flash-column 

chromatography. Ac = Acetyl, Ph = Phenyl. 

In an attempt to investigate how broad a reactivity spectrum of electrophiles were compatible with 

the current methodology, a very unreactive, disarmed[51,52] acetyl-protected glucuronic acid 

trichloroacetimidate (products 22 and 23) and a highly reactive[53,54] 2-deoxy-glucopyranosyl 

trichloroacetimidate (products 24 and 25) were subjected to the glycosylation conditions (Scheme 3, 

top right and bottom). Although the electronically disarmed glucuronic acid electrophiles reacted at 

significantly lower rates than the other substrates, product formation did indeed proceed with 
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exclusive formation of the desired β-glycosides in good yields. Furthermore, heating the reactions to 

reduce reaction time was found to increase the yield whilst maintaining the high selectivity.  

Stereoselective formation of 2-deoxy-β-glycosides remains one of the central challenges in the 

field of carbohydrate chemistry.[7,55–59] To allow handling of 2-deoxy-glycosyl trichloroacetimidates, 

introduction of a disarming, conformationally restrictive 4,6-benzylidene tether was found to be a 

critical modification. We found that although the 4,6-benzylidene-protected 2-deoxy-glucosyl 

trichloroacetimidate was indeed compatible with the catalytic conditions, these reactions were less 

selective than with the fully oxygenated electrophiles (Scheme 3, products 22 and 23). Despite the 

lowered selectivity of the 2-deoxyglycosylation, we are very satisfied with how well this 

glycosylation methodology responds to significant changes to the reactivity of the substrates. 

One of the major advantages of using trichloroacetimidates is the selective accessibility of either 

their α- or β-anomers, which has previously been utilized by Schmidt[26–28,60–62] and ourselves.[37] To 

investigate whether the pyrylium-catalysts also engaged in similar degrees of stereospecificity, we 

carried out a series of glucosylations and galactosylations (Scheme 4, top and middle) using the 

corresponding β-trichloroacetimidates. It was found that Me3Pyry was in fact a superior catalyst over 

H3Pyry for α-glycosylations, resulting in high degrees of stereoselectivity for both parent sugars at 

ambient conditions.  

Furthermore, we performed a competition experiment between different amino acids starting from 

a mixture of trichloroacetimidates (Scheme 4, bottom) to see if we could glycosylate one in the 

presence of another. We chose to use a mixture of the trichloroacetimidate for this experiment as we 

had previously established the stereoselective glycosylation of these substrates and wanted to make 

sure that both anomers would perform comparably. We anticipated that the primary alcohol of L-

serine should out-compete both the secondary alcohol of L-threonine as well as the phenolic side 

chain of L-tyrosine as primary alcohols previously were glycosylated at very high reaction rates. In 

agreement with this hypothesis, we only isolated the serine glycosides from these experiments as 

anomeric mixtures that approximately mirrored that of the starting trichloroacetimidate.  
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Scheme 4: Pyry-catalyzed glycosylations from β-trichloroacetimidates (top, middle) and competition experiment 

between pairs of amino acid side-chains from mixture of α/β trichloroacetimidates (bottom). Reactions were 

performed with 1.2 equiv. of the nucleophile. 1.2 equiv. of each nucleophile was used for the competition experiment. 

All reactions were carried out under an air atmosphere in a sealed vial. The α/β ratio was determined by 1H-NMR 

spectroscopy of the crude product. All yields were determined after purification by flash-column chromatography. 

 

Mechanistic studies 

Our hypothesis for the pyrylium salt-catalyzed glycosylation was that the reactions proceeded 

through the formation of a Brønsted-acidic catalyst‒nucleophile complex capable of activating the 

trichloroacetimidate. Based on our experience with the reaction, we expected the pyrylium salts to 

have very low affinity towards the trichloroacetimidate as the order of addition of the reactants was 

not found to influence the outcome of the glycosylations. 

To study the mechanism of the pyrylium catalyzed glycosylation, a series of kinetic experiments 

were carried out using in-situ IR spectroscopy (ReactIR). For practical purposes, Me3Pyry was used 

for the mechanistic studies to avoid precipitation of the catalyst during the kinetic studies as this is 
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significantly more soluble in organic solvents. We found that no consumption of the α-glucosyl 

trichloroacetimidate (α-TCA) occurred in the presence of the Me3Pyry catalyst until a nucleophile 

was added (Figure S7). Furthermore, no rearrangement to the corresponding trichloroacectamide N-

glycoside was observed. This supports our hypothesis of nucleophile activation and confirms the low 

affinity of Me3Pyry towards the trichloroacetimidate.  

Next, the reaction order of each component was determined using 4-cyanophenol as the 

nucleophile as this did not overlap with other reactants in the IR spectrum. We observed first-order 

kinetics with respect to 4-cyanophenol (as evident from the linear fit in Figure 2, bottom left) and 

saturation kinetics for the α-TCA electrophile (Figure 2, bottom middle).  

The glycosylations of phenolic nucleophiles presented above (Scheme 4) revealed that phenols 

with electron-donating and –withdrawing substituents gave rise to quite similar yields and selectivity. 

In order to investigate this behavior, we established a linear free-energy relationship using a series of 

phenolic nucleophiles with different substituents. From the Hammett plot, (Figure 2, bottom right) it 

was evident that both electron-donating and –withdrawing substituents were rate accelerating, while 

the mildly electron-donating methyl substituent gave rise to the lowest reaction rate amongst the 

nucleophiles included in the plot. The non-linear free energy relationship indicates a change in 

reaction mechanism depending on the electronic properties of the phenolic nucleophile.  
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Figure 2: Mechanistic study of the Me3Pyry catalyzed phenolic O-glucosylation (top left) based on kinetic 

experiments. For determination of reaction order, the concentration of the catalyst and either the nucleophile (4-

cyanophenol) or the electrophile α-TCA was maintained at 0.1M while varying the concentration of either the 

nucleophile (bottom, left) or the electrophile (bottom, middle). For the Hammett plot in the bottom left corner seven 

different phenolic nucleophiles were used (top, right). EWG = electron-withdrawing group, EDG = electron-donating 

group, MTBE = methyl tert-butyl ether, 

 

Next, control experiments to probe the interactions between the pyrylium catalyst and the 

nucleophile were undertaken. Berkessel and co-workers recently reported a pyridinium-catalyzed 

activation of glycals for a highly α-selective 2-deoxyglycosylation, which was found to take place 

via in situ-formation of a hemiaminal intermediate between the catalyst and the nucleophile.[47] 

However, H3Pyry was unable to activate an armed glucal when using phenol as the nucleophile, 

indicating that the H3Pyry‒nucleophile complex was not sufficiently acidic to protonate the glucal 

double bond (Figure 3). Furthermore, it was investigated whether an acetal intermediate could be 

isolated by treating a mixture of nucleophile and catalyst with base as was previously accomplished 

by the Berkessel team when investigating their pyridinium ion-catalyzed glycosylations.[47] However, 

we did not observe any formation of an acetal intermediate (Figure 3, middle), indicating the 

nucleophile‒catalyst interaction has significantly less covalent character than what was observed with 

the pyridinium ion catalysts. We furthermore conducted an experiment using 1.0 and 5.0 equiv. of 
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the catalyst to investigate whether a large excess of catalyst would deplete the nucleophile from 

solution due to acetal-formation and thus lower the reaction rate. However, we found that increasing 

the concentration of the catalyst led to a higher reaction rate, which rules out the possibility that small 

amounts of a non-nucleophilic catalyst‒nucleophile acetal intermediate was acting as the actual 

catalyst.  We can rule out that the active catalytic species is not a complex of the trichloroacetamide 

leaving group and the pyrylium salts, yielding pyridinium intermediates analogous the those reported 

by Cornella and co-workers (vide supra), as we do not observe an induction period for the reaction 

during the kinetic studies. In addition, we have not observed the autocatalytic kinetic profile that 

should be associated with the active catalytic species containing the leaving group as reported during 

glycosylations of glycosyl fluorides.[63] 

We believe that our mechanistic observations (1) that the reaction exhibits high degrees of 

stereospecificity, (2) that the reaction is ordered in both electrophile and nucleophile and, (3) that we 

see a nonlinear concave upwards Hammett plot, is best reconciled with an SN2-like substitution of the 

protonated trichloroacetimidate electrophile (Figure 3, bottom), i.e. an SN2 reaction that requires a 

protonation step followed by a nucleophilic substitution of the leaving group.  
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Figure 3: Top: Attempted glucal activation as previously shown possible with pyrylium ion catalysts. Middle: 

Acetal trapping experiment to probe catalyst‒nucleophile as inspired by Berkessel and co-workers.[47] Bottom: 

Proposed mechanism for the pyrylium-catalyzed glycosylation of trichloroacetimidates. CIP = Contact ion pair.  

 

Conclusions 

In conclusion, we have developed a highly selective glycosylation method which allows 

glycosylations of a wide range of phenolic nucleophiles as well as several glycosyl- and amino acid 

nucleophiles. The reaction setup is extraordinarily simple as it takes place at ambient or near-ambient 

conditions under air and requires no specialized equipment, which should render this chemistry 

approachable by carbohydrate chemists and non-specialists alike. The fact that no reaction takes place 

prior to adding mixing all three reaction components should render this particular glycosylation 
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strategy much less dependent on the skills and experience of the operator, making this chemistry 

accessible by scientists of various backgrounds.  

We have performed the glycosylations with electrophiles from several different parent sugars that 

represent a wide spectrum of reactivity, which underlines the potential of this methodology. 

Furthermore, the α- and β-trichloroacetimidate electrophiles are readily available via robust, high-

yielding literature procedures and they are shelf-stable for at least several weeks when stored in a 

fridge. Mechanistically, we believe that the glycosylation occurs via two steps in tandem. Initially, 

the nucleophile‒catalyst complex protonates the trichloroacetimidate, leading to a contact-ion-pair. 

The following SN2-substitution of the protonated leaving group yields the O-glycoside with inversion 

of the anomeric configuration. The H3Pyry and Me3Pyry catalysts offer incredibly easy access to a 

wide range of β-linked phenyl glycosides as well as relevant alkyl glycosides, which could be of great 

value to the glycoscience community. 
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TOC Graphic 

 

 

TOC Text 

An appealing glycosylation method for non-specialists: Commercially available pyrylium salts 

catalyze stereoselective glycosylation reactions with trichloroacetimidate electrophiles. Notably, a 

wide range of phenolic nucleophiles are compatible with the procedure. The standard conditions 

involve mixing three components at ambient conditions and proceed with minimal formation of 

undesired by-products. 
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